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Doctor of Philosophy

Abstract

To address the need for broadband mechanical spectroscopy, femtosecond laser pulses
were used to generate and detect acoustic waves. To expand the acoustic phonon fre-

quency bandwidth and range, a thin metal film, a strongly magnetostrictive galfenol

film, and strained piezoelectric InGaN/GaN multiple quantum wells were used as

transducers. Acoustic wave detection methods included monitoring of optical trans-

mittance/reflectance, polarization, and diffraction over time.
A magnetostrictive material galfenol (Fe1 ,Ga,) with 80 percent iron and 20 per-

cent gallium was used as an acoustic transducer using demagnetostriction effect.

Galfenol showed great potential as an optimal transducer for the ultrafast magne-
tostriction in both longitudinal and shear modes.

Strained piezoelectric InGaN/GaN semiconductor superlattices were used to gen-
erate and to study longitudinal THz acoustic phonons in GaN based structures. Dur-
ing the investigation of the lifetime of up to a 1.4 THz frequency acoustic phonons,
specular reflection from an air/GaN free surface was observed. The photo-excitation

of THz acoustic phonons in layered structures was introduced as an effective nonin-

vasive tool to investigate the integrity of the fabrication process. This study opened

many possibilities for studying mechanical properties and thermal phonons.

Next, thermal conductivity reduction due to carrier-phonon interactions was pre-
sented. Phonon contributions are critical in heat transport in semiconductors and
insulators. To isolate the carrier contributions to the scattering events, photo-excited

carriers were generated in silicon through pulsed laser excitation. To measure thermal
conductivity changes, time-domain thermoreflectance and transient thermal grating
techniques were employed with a, carefully timed additional excitation pulse for carrier

generation.

Thesis Supervisor: Keith A. Nelson
Title: Haslam and Dewey Professor of Chemistry
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Chapter 1

Introduction

Imagine walking down a field full of golf balls as fast as possible without falling. Now

imagine walking down the same field full of soccer balls, exercise balls, or car-sized

bumper balls. Travel paths, speeds, and overall interaction with the balls to get

through the field will dramatically change depending on the characteristic size of the

balls. Next, imagine walking across the same field with sand-grain-sized or stadium-

sized balls. The presence of the objects would not affect the journey at all. The

characteristic length scale and energy of a person walking down the field and the size

and density of particles the person is interacting with will change how long it would

take to complete the trip and how much energy is retained in the end. By recording

the initial and final states of the person, one should be able to figure out what is in

the field.

Spectroscopy is the study of the interaction between matter and energy, usually

delivered as electromagnetic waves. When photons encounter material of interest, the

electric component of the electromagnetic wave will interact with electrons and excite

them. Excitation will induce changes in material properties, which can be measured

and interpreted through optical response change. For example, in elastic scattering

found in X-ray diffraction, a crystalline sample diffracts the photons with the same

wavelength as the incident light. On the other hand, during an inelastic scattering

like Raman spectroscopy, the light matter interaction disperses light with a different

frequency than the incident wavelength Ill.
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Figure 1-1: Electromagnetic Spectrum. The electromagnetic waves in different fre-
quency ranges have different characteristics, such as generation method, interaction
with matter, and practical applications.

Mechanical spectroscopy measures the response to deformation or strain of a ma-

terial for an applied mechanical stress. When mechanical energy is applied, it can

be stored, absorbed, or dissipated depending on the material response. Incident me-

chanical energy may be stored in an elastic solid, whereas it will be absorbed and

dissipated in a viscous material. In a viscoelastic material, which exhibits both vis-

cous and elastic behaviors, the material response will depend on the frequency of

strain w and characteristic relaxation time r. When high-frequency stress is applied

to a viscoelastic liquid, such that wr > 1, the material will behave like an elastic solid

and store then release the energy. If the stress has low frequency, such that W-r < 1,

the material will exhibit viscous flow and the energy will be absorbed and dissipated.

The ratio between applied mechanical stress and the resulting strain, called compli-

ance J, can quantify how much energy is stored. Its inverse, modulus M, can also be

used [2].

There are two main approaches for generation and detection of high-frequency

acoustic waves. One approach is to apply alternating electrical currents to a trans-

ducer that produces mechanical motion. This technique can easily be spotted in

everyday objects like speakers, sonars, and ultrasound imaging devices. While these

tools are indispensable in day to day life, the upper frequency is limited by the speed

of electronic transistors or mechanical responses, limiting the sound range to about
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Figure 1-2: Acoustic spectrum. The wavelength shown in based on a speed of sound
in a crystalline solid of 10,000 m/s, and the wavelength changes along with speed of
sound in the material of interest. Mechanical spectroscopic tools used for viscoelastic
materials at different frequencies are listed [3-10].

mHz to GHz ranges. Another method is photoacoustic transduction using ultrafast

lasers with picosecond or femtosecond pulse lengths. When a pulse irradiates a ma-

terial and excites electronic or vibrational modes, mechanical stress can form. The

resulting strain response can be measured using another optical pulse. Photoacous-

tic techniques are capable of generating and detecting acoustic waves at frequencies

ranging from MHz to THz. Acoustic waves at this frequency range can be valuable

for studying thermal diffusion, phonon propagation, and mechanical responses in a

wide array of systems.

In Figure 1-2, mechanical spectroscopic techniques for different frequency regimes

are shown. In the infrasound to hearing range (mHz to 20kHz), piezoelectric shear

modulus gauge and piezoelectric bulk modulus gauge methods can measure low-

frequency shear and bulk complex moduli [3, 4]. For ultrasound (20 kHz to 1 GHz),

ultrasonics and impulsive stimulated scattering can measure longitudinal and shear

sound speeds and attenuation rates from which complex moduli can be determined.

Brillouin light scattering, laser picosecond ultrasonics, inelastic X-ray scattering, and

neutron scattering provide information in the hypersound (> 1 GHz) regime. De-

veloping tabletop mechanical spectroscopy in hundreds of GHz to THz range can be

17



uniquely valuable as will be discussed in the next sections. The goal of this thesis is

to further develop non-contact and non-destructive photoacoustic methods to extend

the frequency range of mechanical spectroscopy.

1.1 Picosecond ultrasonics of supercooled liquids

Glassy solids are formed by bypassing crystal nucleation upon rapid cooling into

a metastable state. Understanding the glass transition has many scientific and in-

dustrial applications ranging from polymer processing to storing biomolecules t11]. It

would be valuable to have new probing techniques to test the validity of the mode cou-

pling theory, which is the only model of viscoelasticity derived from a first-principles

microscopic description of the liquid.

Acoustic spectroscopy can directly probe density fluctuations through speed of

sound and attenuation measurements and provide insights to dynamical and struc-

tural characteristics. There are other probing methods such as dielectric susceptibility

measurements that span 18 decades of frequencies. However, coupling between the

dielectric constant and structural relaxation dynamics is complicated, in part be-

cause the coupling is temperature-dependent [12]. Light scattering spectra spanning

16 decades of frequency have also been collected, but it is even more complicated to

couple polarizability to viscosity 113]. Therefore, mechanical susceptibility spectra

ranging from mHz to GHz, relevant frequencies for relaxation of supercooled liquids,

can be uniquely valuable, especially if the acoustic frequencies from hundreds of GHz

to a few THz can be reached.

When a glass-forming liquid is cooled down, it can be supercooled, avoiding crys-

tallization below the melting point and behaving like a liquid with increasing viscosity

and relaxation time until the glass transition temperature, T., is reached. T is de-

fined as the point in temperature where the viscosity of the liquid reaches 1013 poise

(1 poise = 0.1 Pa-s), or the relaxation time (r) reaches 100 seconds [11, 141. Unlike

relaxation in normal liquids, which follows a single or near-single exponential decay,

there are two distinct relaxation mechanisms on different time scales for supercooled

18
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Figure 1-3: (a) Temperature-independent beta relaxation, also known as "cage rat-

tling" on ps timescales. (b) Temperature-dependent alpha relaxation on ps to ks

timescales. The molecule of interest (represented with a turquoise circle) surrounded

by neighboring molecules (in red) shows localized movement in short time scale (a) or

escapes its cage and has different neighbors in long time scale (b). (c) Schematic illus-

tration showing temperature and enthalpy behavior of liquids at temperatures around

Tg. (d) Schematic representation of the frequency dependence of the susceptibility.

Figure adapted from 1141

liquids, as depicted in figure 1-3 a) and b) [15]. The first is a temperature-independent

relaxation process called #-relaxation, which corresponds to locally isolated motions

within the cages formed by neighboring molecules. The second relaxation process is

a temperature dependent process called a-relaxation, which involves collective rear-

rangements of cages [16]. This process is highly non-exponential, typically covering

several decades of time scales.

The mode coupling theory (MCT) describes the dynamics of the density response

of a liquid through the time-dependent density correlator,#qq(t) = , and

the corresponding complex susceptibility x"(t) that describes elastic compressibility,

which are in a Fourier transform relationship [17]. As shown in Figure 1-4, idealized

MCT predicts that the density correlator does not decay to zero after a liquid is

cooled below the critical temperature T, but converges at long times to a limit,

lim #. = fq, which is called the non-ergodicity parameter or Debye-Waller factor
t-+oo

[18]. Because the idealized MCT includes only density fluctuations, an unphysical

prediction is made that the system stays out of equilibrium for an indefinite time

frame even well above the glass transition temperature. Extended MCT includes

thermally assisted "hopping" terms, which are speculated as arising from coupling
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between the density and transverse current modes. As is shown in 1-4 (c) and (d),

a plateau region between fast and slow relaxation shows the effective non-ergodicity

or Debye-Waller factor whose value can still be defined, yet the density fluctuations

relax to zero (the liquid returns to equilibrium) at long times 1191. Note that Tc

is considerably higher than Tg, below which the system might be considered truly

non-ergodic.

a)
0.6

0.6

0.4

0.2

b)
0.20

0.15

0,10

0.05
q

10100 1d'
t (units of 0')

d)
0.20

0.15

0.10

0.05

C
Aq

10 16' 16'
0 (units of fl)

Figure 1-4: Mode-coupling theory predictions of the density correlator 4(t) and the
susceptibility x"(w) as a function of time and frequency at different temperatures.
(a) and (b) show the results for the idealized mode coupling theory; below a critical
temperature the density correlator does not decay to zero, indicating that the a-
relaxation never occurs. (c) and (d) show the results of extended mode coupling
theory, which includes "hopping" terms, the origins of which are under debate. This
term, speculated to come from density and transverse current fluctuation, provides
some insight into why T, is generally lower than the critical temperature Tc. Figure
adapted from [20]
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The Debye-Waller factor is expressed in MCT as

fq(TV) = fq+h (T, -T)/T, for T < T(1.1
f; qCfor T > Tc

where f' is the Debye-Waller factor at the critical temperature and hq is a critical am-

plitude. When the wave vector q approaches zero, the Debye-Waller factor can be ex-

pressed with constants measurable with acoustic spectroscopy: lim f 1 ( co(T) 2
q-+O c(T)

where co is the longitudinal zero-frequency speed of sound and c( is the instanta-

neous (high-frequency limiting) speed of sound. Picosecond ultrasonics was applied

to measure the instantaneous speed of sound at various temperatures, permitting

determination of the Debye-Waller factor and testing of the square-root cusp temper-

ature dependence predicted by MCT. The fast -relaxation dynamics approaching the

plateau region and the slow (a) relaxation dynamics leading away from it, observed in

the time-domain plots in Figure 1-4 (c), lead in the frequency-domain susceptibility

spectra (Figure 1-4 (d)) to the local minimum of the susceptibility X"(t) between the

a- and /3-relaxation peaks and the surrounding regions of the spectrum, described in

MCT by:

xo"Pi.) 0C VT - TC and wmin o (T - Tca (12)

= [a + b )']/(a + b), (1.3)
xmin Wmin Wmin

where a (0 < a < 0.5) and b (0 < b < 1) are critical exponents. The susceptibility

shows a w-b dependence for high-frequency side of a peak and a wa dependence for

low frequency side of / peak. MCT predicts a quantitative relationship between the

a- and /3-relaxation peaks through the exponent parameter A:

A 2(1 - a) r2(1 + b)
F(1 - 2a) -(1+ 2b)'

where F is the standard F function. In other words, a quantitative and testable

relation between the a- and /-relaxation dynamics is predicted 119, 20]. There has
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been an active collaborative effort to acquire ultra-broadband mechanical spectra

with seven different experimental techniques covering 13 decades of frequency ranging

from mHz to hundreds of GHz. As shown in Figure 1-5, the temperature-dependent

relaxation dynamics have been collected with collaborators in Denmark (mHz to kHz

range) and at MIT (MHz to GHz range) 121, 22].

It is impossible to conclusively test mode coupling theory without access to the

high-frequency (0 relaxation) response since that is needed for one of the critical

exponents. In particular, the attenuation rates of high-frequency acoustic modes must

be measured. Therefore, extending the frequency range above the limit of 400 GHz

(100 GHz is rarely exceeded) is crucial for understanding the dynamical parameters

of /-relaxation.

1.2 Investigation of thermal transport

Another application of the work in this thesis is the study of heat transport. In the

early 17th century, heat flux was observed to be proportional to the temperature

gradient over a. macroscopic distance:

q = -kAT, (1.5)

where q is the heat flux, k is the thermal conductivity, and AT is the temperature

gradient. In his theory, Joseph Fourier theorized that heat carriers move diffusively

such that:
6T aA 2 T (1.6)
6t

where (v = k/pc is the thermal diffusivity with p the density of medium and c the

specific heat at constant pressure 1231. The average distance heat carriers travel before

scattering is much shorter than the length scale of the thermal profile in diffusion.

Heat transport in semiconductors and insulators is dominated by acoustic phonons

in the hundreds of GHz to few THz range. Phonons are normal modes of collective

lattice vibrations in a periodic crystal. Like photons, phonons are quasi-particles that
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Figure 1-5: Ultra-broadband mechanical spectra of supercooled DC704. (a) Real and
imaginary parts of longitudinal moduli (b) Real and imaginary elastic compliance
spectra. Figure adapted from [221.
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Figure 1-6: Phonon dispersion curve of bulk silicon. Black dots indicate experimental

results from Nilsson and Nelin from 1972 [24]. On the left side, densities of states are

shown for thin films of varying thickness with numbers in the label indicating number

of unit cells. Figure adapted from [25].

exhibit both wave and particle like behaviors, well described in most cases by a clas-

sical wave equation with frequency w, wavevector q, and direction of particle motion

(e.g. loongitudinal or transverse polarization) relative to the propagation direction.

In longitudinal acoustic waves, material oscillations are parallel to the propagation

direction, and in transverse or shear waves the oscillations are perpendicular to the

propagation direction. The relationship between w and q is called the dispersion

relation, and the slope of the dispersion curve, dw/dq is the group velocity for each

acoustic mode.

The mean free paths of heat-carrying phonons in the hundreds of GHz to few

THz range are expected to be short, but the high density of states makes them

relevant to heat transport. The thermal conductivity , of a material can be modeled

microscopically through the relation,

r, = - CovA(w)du, (1.7)
3 0
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where C, is the heat capacity of phonons at frequency w, v is the speed of sound,

and A(w) is the strongly frequency-dependent phonon mean free path whose values

in the crucial frequency range have eluded direct measurement. If we could deter-

mine the frequency-dependent mean free paths A(w) , we would be able to calculate

thermal conductivities based on direct experimental measurements of the underlying

microscopic parameters.

Phonons are bosons that have population numbers across different modes that

will follow the Bose-Einstein distribution. Heat capacity, a measure of relative energy

contribution of phonon at given frequencies, will depend on the density of states,

q(w)2 /(27r 2v(w)). The heat capacity in a given material is:

6n(w T)(18C(w) = hwg(w) 'j, (.
6T

where g(w) is the density of states and n(w, T) is the phonon occupation number 1261.

When phonons are populated, they are expected to interact with other phonons,

electrons, impurities in the lattice, defects, grain boundaries, and interfaces. At given

temperatures, different interactions will affect different parts of phonon spectrum and

thereby influence the thermal conductivity [27]. Phonon scattering by atomic-sclae

defects and impurities is proportional to w4 as in Rayleigh scattering of light. Typi-

cally, electron-phonon scattering results in a small change in the intrinsic scattering

rate in semiconductors [28], leaving phonon-phonon interactions as the main influence

on phonon mean free path in high-quality single crystals. In Chapter 5, the carrier

effects on phonon scattering and thermal conductivity will be discussed in a silicon

membrane with high carrier density.

There has been success in recent years in calculating mean free paths through

molecular dynamics and first-principles calculations [29-311. These studies showed

that about 50 percent of thermal conductivity can be attributed to phonons with

> 1pm mean free path at room temperature 131]. The density of states of phonons

is concentrated in the higher frequency phonons with short wavelengths, so these

findings were striking. Non-diffusive thermal transport has been observed as heat
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carriers propagated ballistically for phonons with long wavelengths 132]. Studying

the mean free paths of heat-carrying phonons in the hundreds of GHz to a few THz

range can be a valuable asset to understanding of heat transport in semiconductors.

1.3 Overview

To address the need for broadband mechanical spectroscopy, femtosecond laser pulses

were used to generate and detect acoustic waves. In this thesis, experimental gen-

eration and detection schemes to expand the accessible acoustic phonon frequency

bandwidth and range are discussed. To photo-excite acoustic waves, different types

of transducers were used such as a thin metal film, a strongly magnetostrictive ma-

terial, and strained piezoelectric superlattices. Acoustic wave detection methods in-

cluded monitoring of optical transmittance/reflectance, polarization, and diffraction

over time.

In Chapter 2, general concepts and experimental methods of optical generation

and detection of acoustic phonons will be presented. An introduction to strain and

stress will be presented to address propagation of elastic waves in condensed mat-

ter. Common experimental methods such as the picosecond ultrasonics with the

time-domain Brillouin scattering detection and a four-wave-mixing transient grating

experiment will be introduced. After an introduction to common methods to study

acoustic phonons, temperature dependent measurement instrumentation will be dis-

cussed.

Chapter 3 introduces generation and detection of acoustic phonons in the mag-

netostrictive material FeGa (galfenol). Acoustic phonon generation through laser-

induced demagnetostriction and detection through magneto-optical Kerr effect will

be discussed. Using a magnetostrictive material as a transducer can produce not only

a longitudinal wave but also a shear wave. Gigahertz longitudinal and shear acoustic

waves were excited by releasing magnetoelastic strain in FeGa. Acoustic phonons gen-

erated either through transient demagnetostriction or acoustic mode conversion can

have several hundreds of GHz frequencies matching the demagnetization timescale.
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Chapter 4 discusses piezoelectric generation and detection of acoustic phonons

in the THz regime. Strained piezoelectric semiconductor superlattices with differ-

ent numbers of periods, roughness, and sample structures were studied to measure

acoustic phonon mean free paths in layered structures and in a semiconductor spacer.

Using an InGaN/GaN superlattice, the lifetime and bandwidth measurement of THz

phonons was shown to be a noninvasive and sensitive tool to test the layered struc-

ture quality, applicable for semiconductor industries. Additionally, the lifetime of

THz phonons in GaN was measured by placing a GaN spacer between two superlat-

tices. This was the first direct measurement of THz-frequency phonon propagation

lengths in a bulk material.

In Chapter 5, thermal conductivity changes due to carrier-phonon interactions will

be discussed. Phonon contributions are critical in heat transport in semiconductors

and insulators. Previously, theoretical studies have shown that the lattice thermal

conductivity can be reduced by electron-phonon interactions when the carrier con-

centration is above 1019 cm-3 . To isolate the carrier contributions to the scattering

events, photoexcited carriers were generated in silicon through pulsed laser excita-

tion. To measure thermal conductivity changes, time-domain thermoreflectance and

transient thermal grating techniques were employed with a carefully timed additional

excitation for carrier generation.
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Chapter 2

Photoacoustic Spectroscopy

Acoustics, or the study of sound, involves measurement of vibrations varying in time

in a material, sometimes through hearing as well as other measurement methods.

The first person to approach sound propagation mathematically was Sir Isaac New-

ton. He treated sound as pressure pulses through a fluid medium [33]. From the early

1960s, a variety of photo-acoustic spectroscopic techniques have been developed and

applied to study microscopic structures, glass transitions, and thermal conductivity in

condensed matter 1341. Especially with development of titanium-sapphire lasers, pi-

cosecond ultrasonics emerged using subpicosecond laser pulses to generate and detect

sound waves at ultrafast time scales in the 1980s 135-37]. There are many spectro-

scopic tools for structural and mechanical properties like scanning probe microscopy,

atomic force microscopy, surface force apparatus, nonlinear optical spectroscopy, in-

frared and THz spectroscopy, sum-frequency vibrational spectroscopy, scanning tun-

neling microscopy, neutron-scattering, and x-ray diffraction [38-47. However, pi-

cosecond laser ultrasonics provides unique values as a non-destructive, non-contact

spectroscopy that measures mechanical responses directly.

In this chapter, picosecond laser ultrasonics will be introduced. An overview of

strain and stress will be presented to understand propagation of elastic waves in

condensed matter. Next, optical generation and detection of acoustic waves will be

discussed. Finally, experimental techniques and setups used in the experiments for

subsequent chapters will be presented.
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Figure 2-1: Stress and strain in a single dimension. Stress is generated when force is
applied (Stress = Force/Area), and the resulting deformation compared to the initial
shape is the strain (Strain = AL/Lo).

2.1 Stress and strain

Before discussing the generation and detection of propagating elastic waves, charac-

teristics of stress and strain need to be addressed. When force is applied, a material

of interest undergoes a deformation. Stress is a physical quantity expressing internal

forces that neighboring particles exert on each other found by force over area. Strain

is a measure of deformation found by deformation over initial shape. The deformation

is elastic, if the body returns to its original form after the external forces are removed.

Ideal elastic behaviors can be characterized by an linear response to an applied stress

and an equilibrium position to which system recovers [48].

The following description is based on reference [491. When a particle is located at

r and displaced to r', the time-dependent displacement vector field u can be defined

as,

u(r, t) = r'(r, t) - r. (2.1)

The term material deformation implies that particles in a medium are displaced rel-

ative to each other. Rigid translations and rotations do not have relative change

between particle distances in the lattice, so they are out of consideration. By taking

a differential form of equation 2.1,

au au au aui
du(r,t+) = dr' - dr = -dx + -dy + -dz = E 3 n dxju, (2.2)

dx T) (9y a x3
where u(r, t) = xux(r, t) + yu,(r, t) + zu,(r, t) and {i, j} E [1,2,3] <-* [x,yz]. In
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a matrix form, equation 2.2 can be expressed with displacement gradient matrix,

((rto) by,

dul au1 '3U- au1  dx
ax 9y az

du2 =U2 22 dy

du3  au3 au3 au. dz
a/ az y az

(r,to)

For a rigid translation, u(r, t) and u(r + dr, t) are equal and the differential displace-

muent du is zero. To show that the rigid rotation does not apply deformation, let us

define a measure of deformation s as,

dr'2 - dr2 . (2.3)

Then using equation 2.2, dr'2 in terms of dr2 becomes,

dr'2 = E dx'2 =Z(dxi + dui) 2 = ( dx2 + E duidui + 2 E duidxi (2.4)
i i i i i

=dr2 + dx dx- + (O d + )dxjdxj (2.5)
.. xi axi U31 .. ioxj axiijk Z3

S~u, du- dUk (hik
=dr 2 + ( i + a + x a , )dxidxj (2.6)

.. 19xj 0xi k x (9 jixi3 k

For a small deformation, such that au « 1, the quadratic terms become negligible,

leaving the measure of deformation to be,

E= 27jjjdxjdxj, (2.7)

where

71ij = -( + O ). (2.8)2 x1x (xi

A symmetric and dimensionless qij is a component of the strain tensor for small

deformations, where qij show simple expansion or compression in a given direction

(longitudinal strain), while qij with i :- j represent shear strain. For a force acting
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on a small volume, the total force can be expressed by f F(r)dV, where F(r) is the

force per unit volume or force density with components F. Through the divergence

theorem, the force density component F is a divergence of a second rank tensor

Fi = E i such that,

F(r)dV = 1Z o j dsj, (2.9)

where dsj is the surface element of small volume element. The tensor Oij is called

the stress tensor with units of force per unit area (Pa or J/m3 ). The stress tensor is

related to strain tensor by,

Tij = Cijkl'!lkl- (2.10)
k1

From above relationship and equation 2.8,

i:=-Ecijkl( a + 9 )=1cUk (2.11)
2 i X1  OXk k1 Ox

Due to symmetry of the strain and stress tensors, the 81 component elastic tensor

can be reduced to 21 components. The components can be contracted through Voigt

notation as cijkl = c, where a = (ij) and 3 = (kl) 1501. Then the notations become,

(11) <+* 1, (22) +-> 2, (33) +-> 3, (23) = (32) <-+ 4, (13) = (31) ++ 5, and (12) = (21) -

6.

There are three specific types of uniform stress and deformation for which stress

and strain tensors can be simplified. For uniform linear or longitudinal dimension,

Young's modulus, M = stress/strain = SF/ ,can capture expansion or compres-

sion. The larger the Young's modulus, the stiffer the material. For example, glass,

brass, and steel have Young's moduli of 6.0, 9.0, and 20 N/m2 . Shear modulus,

G = ", applies when a force is applied to create a transverse deformation, where

Ax is maximum distortion in x direction and R is the height of unit cell of distortion.

Bulk modulus, K = , is inverse of compressibility that is applicable when equal
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Bulk Modulus: Bulk Longitudinal Simple Shear
K(w) Modulus: M(w) Modulus: G(w)

Figure 2-2: Illustration of moduli. Black and colored lines indicate the shapes before
and after a perturbation. Bulk compression modulus, K, applies when equal forces
are applied to all faces of an element. Bulk longitudinal modulus, M, applies when
stress and strain are limited to one dimensional expansion or compression. Simple
shear modulus (G) applies when a force is applied to create a transverse deformation.

forces are applied to all faces of an element. These moduli are related by:

4
K =.M - -G. (2.12)

3

The photoacoustic techniques described in this thesis will mainly focus on the mea-

surement of the longitudinal stress and deformation. The modulus M or its inverse,

compliance J, give the ratio between an applied mechanical stress and the result-

ing strain. For a step function stress applied at time-zero, the relationship can be

simplified as [21:

a(t) = rn(t)M(t) (2.13)

77(t) = a(t)JAO, (2.14)

where i1(t) is the time dependent strain and a(t) is the stress.

2.2 Pump-probe spectroscopy

To capture phenomena that occur faster than eyes can discern, stop-motion photog-

raphy was adopted in late 1800s. In 1872, Eadweard Muybridge captured images of

a horse running on a track. At the time, it was a mystery whether a horse's hooves

were completely off the ground at a point in time during its run or at least one of

them was always in contact with the ground. To show the fast dynamics that could
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T HE R06E I N OTION,

Figure 2-3: Picture on the left: Sallie Gardner at a Gallop, also known as the Horse

in Motion, by Eadweard Muybridge is one of the first motion pictures (1878). Twelve

cameras were installed and set up to be triggered by wires as a horse ran on the

track (Picture from [51]). Picture on the right: Milk-Drop Coronet Splash by Harold

Edgerton was taken by stop motion photography using strobe lights (1936) (Picture

from 1521)

not be observed with naked eyes, Muybridge installed 12 cameras that were triggered

by wires on the track. As the horse ran across the track, the wires were broken taking

pictures at an interval. By putting the pictures together, Muybridge could show how

horses ran. Another common way to capture fast dynamics in a frozen frame was

stroboscopes. A former MIT professor Harold Edgerton took a famous Milk Drop

Coronet picture in 1936 using high-tech strobe lights. Drops of milk were made, and

they fell to a liquid surface below. Circuits were designed to make burst of lights at a

given frequency. By varying the timing between flashing lights and the milk droplets,

Edgerton could capture a millisecond phenomenon imperceptible to the naked eyes

with a camera and show how milk drop coronets were forming [51, 521.

Similar to stop-motion photography or stroboscopy, pump-probe laser techniques

make use of timed and designed events to study ultrafast phenomena. Laser-based

pump-probe techniques can capture ultrafast processes and dynamics on the time

scales inaccessible by conventional electronics down to femtoseconds, or 10-1 s. Using

an optical pulse called a pump, an ultrashort stimulus triggers a dynamic change in

a system of interest. Then a weaker optical pulse called a probe is introduced to

34



capture the state of the system at a given moment. As long as the perturbation is

infinitesimally small, the thermodynamic system responds to an external perturbation

linearly, providing valuable insight into the system at equilibrium through fluctuation

dissipation theorem. To ensure that the dynamic process is weak enough to not to

change intermolecular interactions, the linearity of material responses need to be

monitored.

2.3 Picosecond ultrasonics pump-probe setup

The experiments presented in this thesis were performed with a system built around

a Coherent Verdi G-18 (18 W, 532 nm, CW) pump laser unless noted otherwise. The

16W of pump laser power was used to feed an oscillator and an amplifier. About

six watts of laser power were used in a Coherent Mira-900 mode-locked Ti:sapphire

oscillator to generate about 790 nm beam with 150 fs full width at half maximum

(FWHM) pulse width at a repetition rate of 80 MHz with a pulse energy of 6 nJ. The

other 10 watts of power and the Mira output were used to pump a Coherent RegA-

9000 regenerative amplifier (RegA) with 1 W output with 200 fs FWHM pulse width

at a repetition rate of 250 kHz with about 4 /pJ. Shorter pulse durations are not nec-

essarily beneficial in most photoacoustic experiments, because shorter pump beams

could damage transducer films used for acoustic generation more easily. When higher

energy per photon was needed either for pump or probe, the beam was frequency

doubled through second harmonic generation in a nonlinear birefringent fi - BaB 204

(BBO) crystal.

The 790nm beam out of the RegA was split into two beams with unequal intensity

using a plate beam splitter. The more intense beam was used as an optical pump to

generate acoustic waves, carriers, and thermal excitation. To enhance the signal, an

acousto-optic modulator (AOM) was placed in the pump arm and the pump beam was

chopped by suppression at a defined frequency. By chopping the pumping frequency,

steady state heating is reduced while pulse energy can be increased at the same power

level. The AOM driver voltage could be tuned continuously between OV and 5V, which
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OPSL
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532nm, CW Range: -1.5 to 5 ns
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TI:Sapphlre-
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Figure 2-4: Schematic illustratioin of pump-probe setup. The beam out of the RegA
amplifier is split into pump and probe, and the probe beam is time delayed using a
mechanical delay stage. Detection is modulated by an acousto-optic modulator in the
pump path and the probe beam is measured using a balanced detector.

changed the diffraction efficiency and adjusted pump power. Through a series of tests,

modulation frequency of 41.7 kHz was found ideal for optimizing signal to noise ratio.

TGP110 10MHz Pulse Generator made by Thurlby Thandar Instruments was used

to set the AOM driver modulation frequency by applying square wave pulses. The

detection frequency was synced with the pumping frequency, and Stanford Research

Systems SRS 844 Lock-in amplifier was used for signal detection. The lock-in amplifier

was needed due to small signal-to-noise levels from acoustic signals on the order of

10~5 to 10-7. In the Nelson group, a pulse shaper called "Death Star" has also been

used to enhance the signal to noise ratio. By using a multiple recirculation-reflection

design and set of delay paths, seven pulses were temporally separated to define an

excitation repetition rate between 1 GHz and 1 THz, but detailed explanation of the

Death Star pulse shaper is outside the scope of this thesis [53].

The weaker arm out of the RegA was used as an optical probe to monitor the

dynamics created by the pump pulse. The probe pulse was time delayed by a 81-

inches-long linear air-bearing translation stage from Aerotech Inc., which generated

more than 6 ns time delay with less than one micrometer (6.6 fs) resolution. Due to
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the long beam path on the delay stage, small misalignment of the retroreflector on the

stage could result in walking of the focused probe on the sample away from the pump

spot with about 100 pim diameter. To minimize beam divergence and walking, the

probe beam diameter was increased using a telescope. A balanced photodetection

scheme was employed using two large-area, low-noise silicon-based photodiodes to

minimize laser noise and air fluctuations. The probe beam was split into a reference

and a probe. After the delay stage, the reference was fed to one of the detectors after

passing through a variable neutral density filter for balancing intensity. The probe,

which was sent to a sample and contained dynamic information, was fed to the other

detector. The two diodes with opposite polarity were balanced to an equal background

intensity prior to each measurement by tuning reference and probe intensity. The

common output from the connected diodes was fed to the lock-in detector to monitor

intensity changes in the probe.

2.4 Picosecond ultrasonics

2.4.1 Photogeneration of acoustic strain

The development of lasers with nanoseconds to attoseconds pulses brought tremen-

dous developments in spectroscopy and imaging from Raman Spectroscopy to NMR

to fluorescence spectroscopy to photoactivated localization microscopy f54-571. For

mechanical spectroscopy, the development of ultrafast lasers has enabled access to

higher than GHz photoacoustic transduction. The highest frequency phonons that

can propagate through a material are given by v/2a, where v is the speed of sound

and a is the unit cell dimension 158]. For a typical crystal lattice, the highest fre-

quency of sound propagation is around 10 THz, assuming it has lattice constant of

a e 5 and speed of sound of v ~ 10, 000mn/s. Therefore, photoacoustic techniques

have the potential to probe acoustic modes across the Brillouin zone. The acoustic

frequency bandwidth is usually limited by the excitation and detection material re-

sponses rather than the laser pulse duration of T a 100fs. For metal transducers, the

37



frequency generated is determined by the heating profile and depth for through-plane

acoustic waves. The range may vary depending on the wavelength of the optical pulse

and the type of metal, but the typically excited thickness is on the order of 10 to 100

nm. Using a 10 nm aluminum film and femtosecond 800 nm pulses, up to 440 GHz

acoustic frequency was reported [591.

To convert electromagnetic wave energy to acoustic energy, a medium called

acousto-optic transducer is used. Electromagnetic waves can excite electronic or

vibrational modes in a transducer, leading to mechanical strain through thermal

expansion, inverse piezoelectric effect, or inverse magnetostriction. In Chapter 3 and

4, magnetostrictive and piezoelectric conversion will be discussed in more depth, but

discussion in this section will mainly focus on photoacoustic generation using thermal

expansion in a thin metal film, a more conventional approach.

When ultrafast laser pulses are absorbed by a solid, acoustic waves can be gener-

ated through thermal expansion. After electrons in the metal surface absorb photons,

they are electronically excited and their population becomes well-defined within the

first 500 fs. Then the energy from electrons is transferred to lattice, and the lattice

temperature rises causing thermal stress [35, 60]. The thermal stress launches an

elastic strain in three dimensions, but this thesis focuses mainly on the plane longitu-

dinal acoustic waves with the highest acoustic frequency that propagates normal to

the surface. The excessive thermal energy causes shifts in the equilibrium positions

of the atoms and thermal expansion of the lattice. The collective displacements in

the lattice are the acoustic phonons, or acoustic waves.

When an ultrashort optical pulse with energy Q focused on area A is absorbed by

a metal with reflectivity R and optical skin depth (, the total energy deposited per

unit volume at depth z is given by [35, 611,

Q /W(z) = (1 - R)A e~/C. (2.15)

The deposited energy results in temperature change AT,
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AT = W(z)/C = (1 - I?) e-Z/C (2.16)
A(C

where C is the specific heat per unit volume. In a elastically isotropic medium,

the thermal stress a(z) is given by,

a(z) = -3KKAT, (2.17)

where tz is the thermal expansion coefficient and K is bulk modulus. The thermal

expansion tensor t is related to strain tensor q by [621,

k7 3 = jjAT. (2.18)

By combining relationship between the stress tensor and the strain tensor from equa-

tion 2.11 and thermal stress from equation 2.17, the stress tensor is given as,

fai = (ijkI/kI - 3Krij3AT(z). (2.19)

Therefore, along the z direction in an elastically isotropic material, the stress and

strain are given by,

0 33(z) = 3 K7733(z) - 3K AT(z), (2.20)
1+i-

P UZ) - D3 Z, and (2.21)

9u3 (z)
1 (33- . (2.22)

Dz

The density of material is denoted by p, the Poisson's ratio is given by v, and the

displacement in the z direction is U3. From the above relationship with an assumption

that the initial strain is zero everywhere and stress zero at the surface, the time

dependent strain wave is given by,

733 (z, t) = (1 - ?) Q 1 - - 2 - I - /Csgn(z - vt)], (2.23)
A(CI+ v 2 2
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where v is the speed of sound or longitudinal sound velocity with relationship,

V = -3 -.v (2.24)
1 + V p

When the counter propagating strain pulses meet interfaces, they bounce back and

forth within the film while getting partially transmitted into the adjacent material.

The ratio of transmitted to reflected acoustic wave is dependent on the acoustic

impedance of material Z = pv. For an interface of two materials, the reflectivity r12

and the transmittance t12 are given by,

Z2 - Z1
r12 = , and (2.25)

Z1 + Z2

_ 2Z2
t12 = I - r12 2 (2.26)

Z1 + Z2'

For a metal free surface, the acoustic wave is entirely reflected from the metal/air

interface because of four orders of magnitude impedance differences. For example,

the acoustic impedance is 17 x 10' Pa - s/mr in aluminum and 409 IPa - s/n in air.

This results in a bipolar acoustic waveform with exponential tails with smoothed out

and elongated peaks due to electron diffusion and heat conduction. For a thin metal

film with thickness in the order of 10 to 100 nm, the peak frequency of the pulse can

be approximated from f = 1/r, where r = d/v is pulse length approximated from

thickness of the film d and speed of sound in the metal v.

Piezoelectric semiconductor superlattices (SLs) exhibit zone-folding of the acoustic

branches within the mini-Brillouin zone. The periodicity of the elastic properties

along the growth direction can generate zone-folded acoustic modes in the 100 GHz

to THz range. An electric field is present in the strained piezoelectric material in a

multiple-quantum well. When the pump beam enters the superlattices, photo-excited

electrons and holes are spatially separated and generate charge density variation,

which causes the system to lose mechanical equilibrium. As the lattice relaxes, an

acoustic wave is launched with a frequency tuned by the period between layers 165-701

In previous studies, acoustic waves with frequencies from a few hundred GHz to a
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Figure 2-5: Strain profile in a transducer film. The figure on the left shows the
effect of electron diffusion on the deposited energy across the film thickness. If the
electron can diffuse deep into the film before losing its excess energy to the lattice,
then more energy can be deposited deeper in the film until electrons are stopped by
an interface with an insulating substrate, dumping energy at the interface. The figure
on the right shows a bipolar rectangular pulse broadened by thermal diffusion. The
broadened acoustic strain has reduced bandwidth as a result. Figure adopted from

[63, 641

few THz (with fundamental frequencies between about 300 and 800 GHz) have been

measured using GaN/InGaN and SrRuO 3/SrTiO 3 superlattices. In a study with a

GaN/InGaN superlattice in the Nelson Group, acoustic harmonic frequencies up to

2.5 THz has been observed using a quantum well/barrier superlattice with closely

matched acoustic impedance and velocities, resulting in zone-center eigenmodes. Up

to about 2 THz, no significant peak broadening is observed, but peak broadening and

signal to noise ratio became an issue above 2 THz [691. Photoacoustic techniques

with GaN/InGaN superlattices will be further discussed in Chapter 4. Up to 1.45

THz fundamental frequency phonons were generated and detected for phonon lifetime

measurements in GaN based structures.

2.4.2 Photodetection of acoustic strain: Brillouin scattering

There are multiple ways to measure acoustic strains either by monitoring the re-

flected/transmitted probe intensity or by tracking the displacement of a reflective

surface. Multiple strain detection mechanisms monitoring reflected or transmitted

probe intensity will be discussed throughout this thesis, and Brillouin scattering is

one of them. Brillouin Scattering is based on the photoelastic effect [71]. The dielec-
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tric constants change when a strain pulse i enters a medium, changing the reflected

optical probe intensity. The change in refractive index 6n(z, t) with applied strain

along the z axis as a function of position and time is,

6n(z,t) = 933(Z, t)
N33 (2.27)

1= Pn 3 '33 (Z, t),
2

where P is photoelastic constant of the material 171, 721. Most of the probe beam

gets reflected at the transducer film, while a, portion of it is reflected by a propagating

acoustic wave front with index of refraction n + 6n. Depending on the distance that

the acoustic wavepacket traveled during the time between the pump excitation and

probe interaction, the total reflected intensity will change due to the interference

between the reflected beam from the film and from the wave front. In time, as the

acoustic wave travels in material of interest, the total reflected intensity will oscillate

between constructive or destructive interferences at a phonon frequency,

-2n(A)v

f = cos 0, (2.28)

where n is the reflective index, A is the probe wavelength, v is speed of sound, and

0 is the back-scattering angle. The Brillouin frequency can provide information on

the speed of sound when the refractive index at the probe wavelength is known. The

measurement is also sensitive to the acoustic attenuation P(f) given by,

F = 2-A , (2.29)
2

where Af/2 is the full width at half maximum of the Brillouin peak. The Brillouin

scattering oscillations can be described by a wave form,

AR = Ao exp(-Ft) cos(27rft + #), (2.30)
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Figure 2-6: Brillouin oscillation and its Fourier transform. (a) The change of the
optical reflectivity as a function of time is shown. The data were measured in OM-
CTS at 250 K using a 40 nm Cr photoacoustic transducer layer on amorpouse SiO 2

substrate. The inset is the time derivative of the recorded reflectivity change. (b)
The Fourier transform of the oscillation that shows the oscillation frequency.

where AO is the amplitude, f is the frequency, and # is the phase defining the zero of

time.

The functional form above does not capture all the features of the acquired data

due to slowly decaying thermal expansion of the transducer layer, as shown in the

Figure 2-6 (a). To address this, a decaying background term can be added to the

functional form of the Brillouin scattering oscillation. By adding a single exponential

decay for thermal background and lock-in offset level 6, the functional form becomes,

t
AR = Ao exp(-I't) cos(21rft + 0) + Bo exp(-- + 6),

A
(2.31)

where BO is the initial amplitude of the temperature induced reflectivity change, and

y is the time constant for transducer cooling 173].

The thermal background can easily be compensated by taking a time derivative

as shown in the inset of Figure 2-6 (a). The time derivative provides an accurate

way to determine the oscillation frequency through Fourier transformation, since it

preserves the periodicity and rate of decay from the original signal. Even though the

numerical differentiation increases the noise level significantly, the time derivative of

the recorded signals is used to filter out the thermal background when the signal to
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noise ratio is sufficiently high, due to complexity from multiple fitting parameters in

the Brillouin oscillation functional form.

2.5 Transient thermal grating techniques

In addition to picosecond ultrasonics, the transient thermal grating method, also

known as impulsive stimulated scattering, was employed to study thermal transport.

The transient thermal grating (TTG) technique is a four-wave mixing process between

two pumps, a probe, and a reference beam that can detect and characterize from few

tens of MHz to a few GHz acoustic waves when visible beams are used. Using 13 nm

extreme ultraviolet (EUV) radiation as pumps, tens of GHz range surface acoustic

phonons were observed in diamond, BK-7 glass, and Bi4 Ge3 O12 , and 2.8 THz optical

phonons were observed in Bi4 Ge3 OI2 , but EUV TTG is out of the scope of this thesis

1741. By spatially and temporally crossing two plane waves with the same wavelength

and polarization, a periodic intensity profile is generated through interference. This

well established technique was used for studying thermal transport discussed in Chap-

ter 5 [75]. When the intensity profile irradiates a sample, a sinusoidal thermal grating

with interference period L is formed given by,

2ir _ A
L (2.32)

q 2sin(2)'

where q is the grating wavevector magnitude, A is the laser wavelength, and the 0 is

the beam crossing angle. The period is independent of the material refractive index

because the angle change from refraction is counteracted by optical wavelength shift.

A schematic illustration of the beam geometry is shown in Figure 2-7.

2.5.1 Material excitation

When short laser pump pulses are crossed on an isotropic sample, periodic heating

and fast thermal expansion results in a transient thermal grating and a step-function-

like stress. The stress response launches counter propagating acoustic waves. The
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Figure 2-7: Schematic illustration of the transient thermal grating setup. Two pulsed
laser pumps create a sinusoidal excitation pattern, which can be probed through
diffraction from the periodic index of refraction change.

temperature rise in the material 6T is proportional to the intensity of light with a

relationship given by,

6T(x) oc I(x) = Io cos 2(x) = 1I(l+ cos(qx)), (2.33)

where I(x) is the spatially periodic intensity profile, Io is the initial intensity from

absorbed energy, q is the grating wavevector. The period of the resulting thermal

profile and the wavelength of the acoustic wave match the period of the interference

pattern from equation 2.32. The stress from thermal expansion Ori is given by,

Oij(X) = cijklnkl3T(x) OC cijk1Kkjcos(qx), (2.34)

where cijka is the elastic stiffness tensor and Kki is the thermal expansion tensor [76, 771.

In an isotropic material, cijkl becomes the bulk elastic modulus and tki becomes the

linear thermal expansion coefficient. In the region that two counter-propagating waves

overlap, a standing wave is formed. The wave will continue to propagate until the
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energy is dissipated by material damping. The temperature profile will decay over

time due to heat transport. The thermal and acoustic excitations cause change in the

refractive index, which can be probed by diffraction of a probe beam 178, 791.

2.5.2 Heterodyne detection

The time-dependent and spatially periodic excitation generates acoustic waves and

thermal expansion that changes index of refraction 175, 801. In the linear regime,

the change in real and complex part of the complex refractive index, Jn and k

respectively, are given by,

6n = dq + dT (2.35)

6k = dq + dT. (2.36)

The strain response from the applied stress is expressed with 'q. The change in the

real component of the index of refraction n leads to transient phase gratings, while

the change in the imaginary component k results in transient amplitude gratings.

When a continuous wave (CW) laser probe beam reaches the grating, the diffracted

beam is directed to a detector whose output is read by fast detection electronics. The

time dependent signal is recorded with a 33 GHz oscilloscope.

Transmission Mode

To separate amplitude and phase grating contributions in the signal, a heterodyne

detection scheme is employed. To do this, the CW probe beam is split into two

parts: the probe and reference beams. The reference beam is usually attenuated and

directed to the detector. The probe beam has a thin glass plate in its optical path to

control the relative phase between the probe beam and the reference beam. When the

probe irradiates excited sample, the diffracted beam is superposed with the reference

beam, yielding time dependent signal [821. Neglecting reflection at the interfaces, the

probe transmission through a thin sample T can be described by a complex transfer
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Figure 2-8: Transient grating data from a reference liquid sample m-xylene (a) and
a solid sample PbTe (b). The grating period was 2.05psm and the heterodyne phases
were y = ir/2, 0, -ir/2, -ir. The acoustic waves are shown only in the phase grating.
Especially in PbTe, only thermal decay can be seen in the amplitude grating. Figure
adapted from [811.

function as [83, 84],

T(x, t) = To(1 + cos(qx)[iT'(t) - T"(t)], (2.37)

where To = exp(i(T'(t) + iT'(t))). (2.38)

Here, T'(t) and T"(t) are the real and complex part of the transmission function, q is

the transient grating wavevector, and To is the transmission function in the absence

of excitation from the pump. T'(t) will result in a phase grating, while T"(t) will

result in an amplitude grating. The equation 2.38 can be rewritten with 6n and 6k

as,

T(x, t) = To(1 + cos(qx)[i6n(t) - 6k(t)] (2.39)

The electric field of the probe and the reference beams as plane waves can be

expressed as,

E, = Epo exp(i(k - q)1/2z - iqx - iwpt + ip) (2.40)
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2E, = a, Epo exp (i(k2 _-q )1/2Z + x - iWpt + .p) (.1

where a, is the reference attenuation coefficient, Epo is the amplitude of the incident

probe, kp is the optical wavevector of the probe, q is the wavevector of the transient

grating, wp is the frequency of the optical light, and !Cp and So, are the probe and

reference phases. Then from equations 2.38 and 2.40, the signal E, from the 1

diffraction order is,

Es = Ep(+l) = EpoTo[i6n(t) - 6k(t)] exp(i(k - )/2z - i X - iWpt + ipop). (2.42)
P 4  2

For the heterodyne detection to work, the first order diffraction from the probe has to

overlap with one of the reference beam diffraction orders. The first order diffraction

from probe beam overlaps with 0 th diffraction order of the reference beam given by,

E,(O) = aEpoTo exp(i(k - 2)1/2z + i X - iWpt + i'pr). (2.43)P 4 2

Since the probe and the 0 th order reference fields are collinear, the interference between

the two results in a field intensity,

s+(O) =IvoT(a + 6n2 (t) + 6k 2 (t) - 2ar[-6n(t) sin c + Sk(t) cos SoI), (2.44)

where Ipo is the intensity of the probe beam and y = SOp - Sor is the heterodyne phase.

If the reference beam is absent, the diffraction signal without heterodyning is,

Io = Ipo T 2(6n2 (t) + 6k2 (t)), (2.45)

showing mixed contributions from both phase and amplitude gratings. To minimize

complexity in the analysis of the signal, it is beneficial to have much larger intensity

for the reference beam than the diffracted signal (a, >> 6n, 6k). In this case, the

heterodyne signal dominates and has the form,

Is(het) = 2!poT2ar [-n(t) sin S + 6k(t) cos p]. (2.46)
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Since the signal is proportional to the probe intensity and reference attenuation,

increasing both probe and reference intensity is beneficial. The probe intensity is

increased as high as possible during an experiment within the linear material response

regime avoiding over heating and sample damage. The reference beam is attenuated

just enough to avoid detector saturation.

Due to the heterodyne phase p dependence above, either the phase or amplitude

grating contribution to the signal can be isolated. When p = nr, where n = 0, 1,

t 2, etc., the signal will come from the phase grating. When p = (n+ 1/2)7r, where n

0, + 1, 2, etc.,the signal comes from the amplitude grating. The ability to select

between the phase and amplitude grating signal permits unambiguous analysis of the

transient grating signal, and subtracting signals with 7r phase difference eliminates

any non-heterodyne terms. In the investigation of thermal transport in the Chapter

5, an amplitude grating will be used to measure thermal decay.

Reflection Mode

For strongly absorptive materials at the laser wavelengths used, the beam is absorbed

near the surface and the transmission is too small to effectively measure. In this case,

the reflected reference along with the diffracted signal is guided to the detector for

a reflection mode measurement. Upon energy absorption, the complex reflectivity

changes and a net surface displacement from thermal expansion occurs. The complex

reflection function is given by,

r(x, t) = ro exp(i(y'(t) + i'y"(t)) cos(qx)) exp(-i2kpu(t) cos(qx)cos(#p)), (2.47)

where ro is the reflectivity of the sample without excitation, 7' is the change in the

amplitude of the reflectivity, -/" is the change in the phase of the reflectivity, kp is

the optical wavevector, u(t) is surface displacement, and Op is the angle of probe

incidence. Then, the intensity of the reflection is given by,

Is(het) = 2Iporar[r'(t) cosp - (r"(t) - 2kpu(t)cos(,)) sin V], (2.48)
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where Ip0 is the probe amplitude, a,. is the reference attenuation coefficient, and <p is

the heterodyne phase as given in the section above. Changing the heterodyne phase

provides the amplitude and phase grating separation, but the signal processing is

not as straight forward as in the transmission case. The real part of the reflectivity

r'(t) will give the amplitude grating, but the phase grating is affected by both the

change in reflectivity and the surface displacement, r"(t) - kpu(t) cos(,) [81, 85J.

This complicates analysis of the phase grating, but can be a straightforward tool for

measuring kinetics of the thermal grating decay. In Chapter 5, both reflection and

transmission modes will be used to monitor thermal transports in silicon membranes.

2.6 Temperature dependent measurements

exhaust

heat sink
and heater
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with temperature
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liquid
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windows for
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vacuum

Figure 2-9: Schematic illustration of a cold finger cryostat. The sample sits in a
vacuum chamber while the heat transport to and from the sample is mediated by a
conductive mount. Figure adapted from [64]

Some of the experiments during the thesis work required either vacuum environ-

ment or temperature dependent measurements. To facilitate these needs, a cold finger

cryostat from Janis Co., Inc., with model number ST-100 was used, both to heat up
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and to cool down the sample of interest. The sample was placed on a copper mount

attached to a cold finger in a vacuum sealed chamber. The vacuum provides thermal

insulation from the air. When liquid nitrogen is introduced to another chamber with

a transfer line, the heat is removed from the sample to the mount to the cold finger

to liquid nitrogen. The cryostat has a temperature sensor and a 50W resistive heater

on a copper heat sink between two chambers to provide active feedback, and the

same heater is used for experiments with higher than room temperature needs. Tur-

bulence from the nitrogen flow is not an issue due to chamber separation, providing

high optical stability, but extra care is needed to mechanically stabilize the transfer

line. A heat tape was used on the exhaust to ensure that condensation of water

does not freeze and clog the exhaust opening. The ST-100 cold finger cryostat has a

temperature range from 4K up to 500K, but it needs 15 minutes to an hour for the

temperature to equilibrate depending on the sample and the temperature range. To

ensure stable measurements, the nitrogen flow and the operation current of the heater

were closely monitored. With high nitrogen flow, the transfer line could vibrate, hin-

dering stable measurement in the cryostat, and the heater under high load resulted

in bigger temperature fluctuations and longer times to equilibrate. The temperature

recorded with the sensors on the cold finger had an absolute uncertainty range of t

2K, and the temperature stability under normal operation was better than t 0.2 K.

2.7 Summary

In this chapter, photoacoustic spectroscopy and experimental methods were intro-

duced. First, concepts of stress and strain were introduced to better understand how

mechanical spectroscopy worked. Next, pump-probe spectroscopy using an ultrashort

pulsed laser was introduced so that ultrafast dynamics, events occurring in shorter

than picosecond or 10-12 s timescale, could be monitored. Optical generation and

detection of strain through picosecond laser ultrasonics and transient thermal grat-

ing techniques were presented. Between these two techniques using optical lasers,

acoustic waves with frequencies from a few MHz to hundreds of GHz could be readily
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accessed. The remainder of the thesis is focused on extending the higher end of the

acoustic wave frequency range and understanding thermal transport in condensed

matter, especially in semiconductors.
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Chapter 3

Ultrafast Photoacoustics through

Magnetostrict ion

Magnetostriction is a property of ferromagnetic materials to expand or contract in

response to a magnetic field. When a magnetic field is applied to a ferromagnetic

material, the molecular dipoles and the magnetic field boundaries inside the sam-

ple rotate to minimize the energy. These processes stress and deform the material,

and can convert some of the electromagnetic energy into the mechanical energy 1861.

The first measurement of magnetostriction was performed by James Prescott Joule in

1847, by measuring change in the length of an iron sample under an applied magnetic

field [871. The opposite effect, magnetic susceptibility change under mechanical stress,

was discovered by E. Villari in 1865 1881. However, the practical application of mag-

netostriction only started appearing from the World War II era, when nickel based

alloys were used as transducers for sound navigation and ranging (sonar) systems [891.

In the 1960s, the magnetic and magnetoelastic properties of rare-earth elements

were comprehensively studied leading to a discovery of RFe2 , where R represents

a rare earth element such as samarium (Sm), terbium (Tb), dysprosium (Dy), er-

bium (Er), and thulium(Tm). These alloys showed strong exchange interaction and

high magnetoelastic coupling. The electrons in highly anisotropic 4f orbitals and the

strong Fe-Fe and Fe-R exchange coupling resulted in the strong magnetostriction and

high Curie temperatures [90-931. Following the development of ultrafast lasers with
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Figure 3-1: Magnetostriction coefficient A100 in bulk Fei_,Ga, as a function of Ga
concentration. The blue dots were measured in slowly cooled samples, while the red
dots were measured in thermally quenched samples. Figure adapted from [96]

femtosecond pulses and the beginning of picosecond ultrasonic spectroscopy in the

1980s, coherent acoustic phonons were generated to decrease the magnetization mod-

ulus of magnetic materials at subpicosecond timescales or to switch magnetization of

ferromagnetic materials [35, 94, 95]. In this chapter, ultrafast laser study of magne-

tostrictive Fei_,Ga, to generate and detect GHz to THz frequency range longitudinal

and shear acoustic waves is described.

3.1 Galfenol (Fei_,Ga.) samples

Among the known materials, binary compounds RFe2 show the strongest magneto-

crystalline anisotropy, or magnetostriction coefficients. For example, TbFe2 has the

highest magnetostriction coefficient of A,,,,, = 1750 x 10-6, compared to iron with

A,, 100 = 21 x 10-6 and A,,,,, = -21 x 10-6, where the negative sign implies contraction

rather than expansion [971. However, due to high magneto-crystalline anisotropy in

RFe2, a high magnetic field is needed to saturate the deformation for these systems.

To address the high anisotropy problem, Tbo.27Dyo.73Fe1 .95 alloy (terfenol-D) was

introduced. Terfenol-D has high magnetostriction 1600 x 10-6 at room temperature

with a low saturation field, but it is brittle with tensile strength of about 28 MPa. In
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Figure 3-2: Feo 75 Gao.25 crystalline structure model. The gray spheres represent Fe

and the black ones represent Ga atoms. Figure adapted from 1961

an attempt to balance a large magnetostriction coefficient, a high Curie temperature,

and a high tensile strength, galfenol (Fei_Ga,) was developed in 1999 by scientists at

the Naval Surface Warfare Center [981. Galfenol with 80 percent iron and 20 percent

gallium has magnetostriction coefficient of A,,10o = 400 x 10-6 with tensile strength

of about 500 MPa [98, 991.

For bulk galfenol, a team of scientists led by A. E. Clark at the Naval Surface

Warfare Center reported the magnetostriction and the elastic constants of Fei_2Gaz

with varying gallium concentrations [961. The dependence of magnetostriction coeffi-

cient on the gallium concentration is shown in Figure 3-1. The team also reported the

effect of thermal treatments on the sample prepared at 1000 'C. One set of samples

experienced constant cooling at 10 'C/min, and another set was dropped into a wa-

ter bath and experienced a quenching. The study shed light on complicated galfenol

atomic structures. For x = 20% sample used for the samples used in this chapter,

there were three different types of bec networks 11001. In the A 2 structure, Fe and

Ga atoms were randomly distributed. In the B2 structure, Ga pairs occupied sec-

ond nearest neighbor sites along the 1100] directions. In the DO 3 structure, Ga pairs

occupied neighboring sites along the 11101 directions. Only A 2 and DO 3 structures

are present in the slowly cooled samples, while B 2 structure is also present in the

quenched samples.

The two galfenol samples, used for the study presented in this chapter, were
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Figure 3-3: Schematic illustration of the FeGa sample structure. A galfenol film was
grown on top of a GaAs(001) substrate and a ZnSe buffer layer. The FeGa layer was
capped with either ZnSe or Au. The figure is drawn out of proportion.

grown with molecular beam epitaxy by a team of scientists at the Paris Institute of

Nanosciences (INSP), France. On a GaAs(001) substrate, a GaAs buffer and a 20 nm

ZnSe epitaxy buffer were deposited. Then, an epitaxial FeGa thin film with the [001]

out-of-plane orientation was deposited on top, capped with either a gold or a ZnSe

layer. One of the samples had a 25-nm-thick FeGa and a 360 nm ZnSe capping layer.

The other sample was prepared with a 92 nm FeGa film and a 6 nm Au capping

layer. The FeGa films were prepared with 80 percent iron and 20 percent gallium

to maximize the magnetoelastic coupling and with a cubic structure to stabilize the

in-plane magnetization equilibrium orientation [101].

3.2 Introduction to laser-induced magnetostriction

3.2.1 Femtomagnetism

In a ferromagnetic material, a spontaneous magnetization occurs at temperatures be-

low the Curie point. In other words, ferromagnets have preferred internal magnetic

moments even in the absence of an external magnetic field, if the temperature is

below a material-dependent point. Above this temperature, materials become para-

magnetic, because thermal vibrations hinder the alignments. Within the magnetic

material, there are magnetic domains with their own defined magnetic moments.

Once a ferromagnetic material is exposed to an external magnetic field, it undergoes
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an irreversible non-linear response by aligning magnetic moments to minimize the

energy. The Zeernan energy, which is the energy of a magnetic moment in an external

field is given by,

E L = -J-o M -HexidV, (3.1)

where /j is the magnetic dipole moment of an atom, M is the local magnetization,

Hext is the external field, and the integral is over the volume of interest. Even when

the field is removed, part of the alignment will remain and the material remains

magnetized, until either heat or an opposite-direction magnetic field is applied 11021.

Femtomagnetism is the study of changes in magnetic materials upon impacts of

femtosecond laser pulses, started in late 1990s 194]. The femtomagnetism is crucial

in understanding the fast dynamics of laser-induced demagnetization, in the -1 ps

demagnetization timescale [103]. Materials with a strong magnetoelastic coupling

are expected to generate both longitudinal and shear acoustic waves by releasing

stress from laser-induced demagnetization. Even though, there is no consensus on

a model to describe how this phenomenon manifests, the phenomenological three-

temperature (3TM) model was proposed to describe laser-induced demagnetization

of ferromagnetic materials [94].

When ferromagnetic materials are excited by a pump pulse, incoherent dynamics

dominate the first picosecond, and the magnetization quickly drops. In the next hun-

dreds of picoseconds, coherent precession of the magnetization around the effective

field manifests. The 3TM model provides simple description of the energy equili-

bration process without considering a transfer of the angular momentum, instead it

focuses on the energy flux between electrons, spins, and the lattice. The energy fluxes

between these subsystems can be described by,

dT
Ce ) = P(,) - ge,(T - T,) - gC'(Te. - T'), (3.2) dt

dTs
Cp d = -ges(T - Te) - gsp(Tp - Ts), (3.3)dt

dt , -gep(T7p - Te ) -- gs,(T, - T,), (3.4)
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Figure 3-4: Schematics of energy transfer dynamics in a magnetic material upon a

photo-excitation. The coupling between spins, charges, and the lattice are expected

to launch THz phonons. Figure adapted from [104]

where C is the specific heat and T is the temperature for electron (e), spin (s), and

lattice (p). The coupling constants gep, g,, and gp indicate the coupling strength

between electron-lattice, electron-spin, and spin-lattice respectively [94].

Within the first 50 femtoseconds (fs), photons from the fs pump laser pulse in-

teract coherently with the electrons and the spins in the ferromagnet. Over the next

hundreds of fs to a ps, the excited charges and spins relax and thermalize resulting in

a demagnetization of the ferromagnet, for which the fundamental mechanism is under

intense debate. Then, the heat exchange between the charges and the spins with the

lattice follows. During this process, a magnetic precession starts as one of the relax-

ation mechanisms, as will be presented later in the chapter. But more importantly,

an orbit-lattice coupling could induce THz phonons [104, 1051.

3.2.2 Detection through magneto-optical Kerr effect

The magneto-optic Faraday effect or the magneto-optical Kerr effect(MOKE) enables

the detection of a presence or a change in a magnetization of a sample through a

rotation of the polarization and a change in the reflectivity of light interacting with
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the medium. While the magneto-optic Faraday effect is detected by the transmitted

light, MOKE detects changes in the reflected light from a magnetized surface. The

dielectric tensor of the magnetic medium is given by,

1 i-QZ -i-QU
=- -i -Q 1 i - QX , (3.5)

i.-Q, -i*-Q, 1

where Qi is the Voigt vector for i x, y, z, proportional to M by,

Q = q -M, (3.6)

where q is the Voigt constant. Depending on the plane of probe incidence and the

orientation of the magnetization vector M, there are three MOKE geometries. The

first one is the polar MOKE, where the magnetization of the film lies perpendicular

to the film surface and in the plane of the probe incidence. The change of probe

polarization is proportional to the out-of-plane magnetization. The second geometry

is the longitudinal MOKE where the magnetization is parallel to both the reflective

surface and the plane of incidence. The light is reflected in an angle away from normal

to the surface, and becomes elliptically polarized. The change in the polarization is

directly proportional to the in-plane component of the magnetization. Finally, there

is a transversal MOKE where magnetization is perpendicular to the plane of incidence

and parallel to the surface. The transversal MOKE detects change of reflectivity.

The change in reflectivity AR(t) is given by [35],

A R(t) = =(z)(z, t)dz, (3.7)

where f(z) is a sensitivity function given by,

On 41rnz ak 47nz
f (z) = fo[ sin( - ) + cos(- - #))ez/C, (3.8)

4933 A ,B,733 A
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Figure 3-5: Three magneto-optical geometries. The polarization changes in the po-
lar and the longitudinal MOKE, whereas the reflectivity changes in the transversal
MOKE. Figure adapted from [1061

where fo is the initial reflectivity response, n and k are the real and complex compo-

nents in the complex index of refraction, A is the optical wavelength, # is the phase

term, and the ( is the probe skin depth. The ratio between the smooth optical con-

stants term A and the sharp pulse shape term B reveals the shape of the transient

reflectivity response.

In the MOKE detection, the reflected probe polarization is analyzed, using a

quarter-wave plate and a Wollaston prism, which splits the probe into two orthog-

onally polarized pulses. The split pulse is guided to a detector pair used for the

balanced detection. If the probe experiences a polarization ellipticity change or a

rotation, the change can be recorded by the intensity differential. The strain prop-

agating in the z-axis, with nonzero shear (n4 = 27,z, 77 = 21,,) and longitudinal

(773 = 277z,) components, can modulate the permittivity tensor Ae of the isotropic

film as given by,
P12?)3  0 P44775

Ac = 0 P12q3 P4474 , (3.9)

P44775 P44774 P?03

where Pu, P12, and P44 = (P11 - P12)/2 are the photoelastic tensor components

[76, 107]. The induced probe polarization change depends on the z-component of the

probe electric field. To better overlap the probe wavevector and the shear photoelastic

term, the probe pulse was introduced obliquely.
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3.2.3 Free energy density of magnetostrictive thin films

In a mechanistic approach to magnetoelasticity, coupling between the elastic and the

magnetic behaviors can be explained by a modification of the free energy density F,

of a crystal given by 1105, 1081,

Ft = F + Fe + Fz + Fe, (3.10)

where Fk is the magneto-crystalline energy, F, is the elastic energy, F, is the Zee-

man energy, and Fe, is the exchange energy. The magneto-crystalline energy can be

expressed as,

FF(a, Eii) = P. + Fe(,im, Eij), (3.11)

where F = K1 (mlim+ m2m + mm) is the anisotropy energy to model the magne-

tization along different crystalline axes for an anisotropy constant K1 , a unit vector

m. along M, and the projection of in, mi (i 1,2,3). E64 is the deformation tensor in

the Cartesian coordinate. F, is the magnetoelastic energy expressed as,

Fme = E E = (bigj)kIrkm1ij, (3.12)
ii k1

where b is the magnetoelastic tensor. The elastic energy is,

Fe = Zcijk6ijEkl, (3.13)
ijkl

where Cijkl is the elastic tensor. The Zeeman energy is,

Fz = - AM(mJJM), (3.14)

where M, is the saturation magnetization, and Hi is the demagnetizing fields. Finally,

the exchange energy in cubic symmetry is,

Fe= -IHexa2AIs((Vnx)2 + (Vmn Y)2 + (Vm2) 2), (3.15)
2
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where Hex is the exchange field, and a is the lattice constant.

If the crystallographic axes 11001, 10101, 1001] coincides with the x, y, z axes re-

spectively, the equation 3.12 and 3.13 are simplified to [501,

Fme = bo (exx + yy + Ezz) + bi(m x2 +F 2 + mMe2)
F bY +Y + ZEZ) (3.16)

+b2(MxMYexy + mXmzexz + MyMzEyz)

1 2 2 1 2 2 2
Fe = cn(e + yY + Ez)+ C12(ExxEy + EyyEzz + ExxEzz) + 2 C44(Ey + yz + Exz), (3.17)

where bo, bi, and b2 represent the isotropic, tetragonal, and rhomboidal magnetoelastic

constants, Eij is the elastic strain tensor, and cil, c 12 , and c44 are the elastic constants

of a cubic crystal.

The relative change in length 4L along an arbitrary measurement direction with

directional cosines j under a magnetization is given by 11091,

Al

T = eimi#j, (3.18)

where the strain components depend on the magnetization directions. These equilib-

rium strains eij as a a function of the magnetization direction mj can be found from

the equation 3.16 and 3.17, resulting in

bo blmr 21b
Eii - --b m + CIA (3.19) c11 + 2c 12  c 11 - C12 (cii + 2c12)(cu - c 12 )

E= b2M M, (3.20)
C44

where Eig and Eij are the longitudinal and shear strains. The relative length change

equation can be rewritten, by applying the equations 3.19 and 3.20, as,

Al 3 1
Aa++ +m 2 )+311(mx/3 xmy#/3 +mx ,mzi 3 z+my3 ymzz),

2 2
(3.21)

where A,, A1o, and All, are the magnetostrictive strain constants. These values

indicate the relative material shape modification under an external magnetic field.
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The A, = bo+b/3 term indicate isotropic volume change. The A100 = - b, term

show relative deformation along 11001. Finally, Am - term show the relative

deformation along [1111 resulting in a rhomboidal distortion. In a polycrystalline

sample, a direction-averaged value, Apoy = 2Aioo + Ajj1 , is measured.

3.2.4 Elastic and magnetoelastic energy in FeGa

To consider the static magnetostrictive strain along the [110] direction in the (100)

plane of the galfenol films, the elastic constants need to be transformed into the new

bases: x' = [110], x' = [110], x' = [001]. The coordinate transformation follows the

transformation rule: c' k, = RiaRjORkfRsca#y, where R is a clockwise 2 rotational

transformation matrix given by,

1 1 0

R 0). (3.22)

0 0 1

A[0101

[1001

4

Figure 3-6: Clockwise i rotational transformation along z-axis. The new bases are2
=[110], X, = [110], X I = [001].
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which results in the elastic components,

C'2C12

C12  0 0 0

C12 0 0 0

Cii 0

U U U C4 4

0 0 0 0

0 0 0 0

0 0

0 0

0

C I C12

ci-CII+C12
C' 2 = C"1+" + c44

c'2 2 C44

C'-I+I C4 C4

C13 = C12

C33 = Cii

C44 = C44

- CI1-C12
C6 - 2

Using the equation 3.13 and the new coordinate, the elastic energy is given by,

1 12
Fe = [( I , 

2 2 x
12

+FC12(-e Ix, +F

12 Y 2 12A
+ 2 , +6 I 'i'y'y' + + E'z + 62

12
2 ,,," + 6xt'i 6 '~y + 2 6x'x'6z'z' + 2 &y'yi'Ez'z'

2 2~y 2, ,, 2 2+C44(E , , + E ,Y - 2ExfxEyt /y, + E Y t' + Ez , , )].

Since only the strain waves along z', (001) direction, are considered with the elastic

strain tensors Exx, = EYfY' = Exty, = 0, the equation 3.24 is simplified to,

Fe = 1 ,Z, +C44( , , +e 2Z,)]. (3.25)

The elastic constants are reported by R. A. Kellogg as cil = 196.0 GPa, c1 2 = 156.0

GPa, and c44 = 123.1 GPa [981.

Following the coordinate change from above, the magnetoelastic energy from the
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equation 3.12 becomes,

Fe =b2[ZmiEi + Zmimjeij] + (b1 - b2 ) Zmiei
i ii i

1 1
=bl ( 1 i,(m , + m ,2 + 1Erir2 , + m 2 ) + , + 2 mrUirr exy')

+b2( 1EXIXi, - m 2 + 1EY / y(M2 , + M , ) + 2mytimzi Ey'z' + 2mx'mz>E z'x/2 X' Y 2 )

=bEzi zm 2, + 2b2 (my'mz' Ey'z' + mi' mnz'Ez'x1'),

(3.26)

where bi = bil - b12 and b 2 = b44 are the magnetoelastic constants of a cubic crystal.

b,1 , b12, and b44 represent the tetragonal, rhomboidal, and isotropic magnetoelastic

constants, respectively. In a FeO. 8Ga. 2 film, the magnetoelastic constants are b=

-(3/2)Aoo(cii - c12) = -15.6MJ/m 3 and b2 = -3An1 ic4 4 = -10.1MJ/m 3 [96].

In this section, the expressions of the elastic and the magnetoelastic energies were

derived. The acoustic modes traveling normal to the surface and the cubic symmetry

of galfenol simplified the final expressions for these energies, which are crucial for

understanding the laser-induced strain waves amplitudes.

3.2.5 Demagnetostriction of galfenol

By minimizing the free energy density, the built-in static strain in the galfenol film

can be obtained. Understanding the static strain in the sample can optimize experi-

mental geometry for picosecond shear acoustic waves generation. In the experimental

configuration, the free energy density is the sum of the elastic and magnetoelastic

energies. From equations 3.25 and 3.26, the free energy is

1
F Fe + F , = -[(,, + C44(C , + (3.27)

+ bH-z'zim, + 2b2 (mrrMzn'Ey'z' + mx'mZ'Ez'')-
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Figure 3-7: Schematics of the experimental setup. The probe was split by a Wollaston
prism after hitting the sample, and each polarization arm was directed to a separate
detector to track the polarization change in time.

From the relationships, OF = 0 ,, = 0, and ,= 0, the expressions of the

static magnetoelastic strains are derived as,

-,, - b1m2, (3.28)
C11

2b6m.m.
E -,, - ,44 m (3.29)

and eY, = -2b 2mym, (3.30)
C44

where e,, is the static longitudinal, and e,,, and eyY are the static shear strains of

a [0011 galfenol film.

3.3 Experimental scheme

A Coherent Verdi G-18 laser, a Coherent Mira-900 mode-locked Ti:sapphire oscilla-

tor, and a Coherent RegA-9000 regenerative amplifier were used to generate 790 nm

wavelength pulse with about 4 pJ pulse energy and a 200 fs FWHM pulse width at
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a repetition rate of 250 kHz. The output pulse was split unequally to be used as

a pump and a probe. The pump was modulated at 41.7 kHz with an acousto-optic

modulator to enhance the signal to noise ratio. The probe was time delayed up to

1000 ps to record time-dependent dynamics. A balanced detector was used for the

MOKE detection. After the probe hit the sample, it went through a half waveplate

and a Wollaston prism to be split into two separate beams of the orthogonal polariza-

tions. The split probe pulses were directed to the balanced detectors, instead of the

probe and the reference pulses in a conventional balanced detection scheme. When

the probe irradiates the magnetic sample and interacts at the surface, the polariza-

tion may be altered and this change can be recorded through the fluctuations in the

amplitude. A nonlinear birefringent 3 -- BaB20 4 (BBO) crystal was used to gener-

ate 395 nm probe when needed. The two diodes with the opposite polarities were

balanced to an equal background intensity prior to each measurement by turning the

half waveplate.

Figure 3-7 shows a schematics of the experimental setup. The 790 nm pump arm

was split into two using a half waveplate and a polarizing beam splitter pair. One

of these arms was time-delayed and intensity-modulated to suppress the precession

signal, when both of the arms were used during an experiment. The pump and the

probe were introduced at an angle about 34 degrees and 21 degrees off the sample

surface, respectively. Even though the probe comes in at a more oblique angle, the

schematics does not reflect this for the simplicity.

The sample was placed at the center of two magnetic lenses on a ball-bearing

frame, called the "Magnetic Stargate". Permanent nickel-plated neodymium magnet

cubes were stacked into a pyramid-shape magnetic lenses, creating an inhomogeneous

field from 700 mT along the magnet edges to 1 T at the center. The field profile had

a radial gradient. The magnetic lenses were mounted on a steal ball-bearing frame to

confine and to guide the field. The ball-bearing made it possible to rotate the whole

structure 360 degrees to define the external magnetic field direction 11051.
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Figure 3-8: Picture of the detection region. The external magnetic field was controlled
by the "Magnetic Stargate". Magnets were mounted on a ball-bearing frame to change
the polarization of the applied field.

3.4 Experimental results

3.4.1 Brillouin scattering in GaAs and spin precession

The first set of experiments were conducted with a 25 nm Feo.8Ga0.2 sample with a

360 nm ZnSe capping layer. The sample was excited by a 50 mW, 790 nm pump

pulse introduced at an angle about 34 degrees off the sample surface, or 56 degrees

with respect to the surface normal. The 5 mW probe was introduced at about 21

degrees off the sample surface, or 69 degrees with respect to the surface normal. In

Figure 3-9, the rapid change in reflectivity amplitude at time zero is proportional to

the pump fluence, corresponding to the laser heating of the electrons and the lattice.

On top of this slowly decaying thermal signal, coherent oscillations were recorded

that are associated with the inelastic Brillouin scattering of the probe pulse from the

propagating acoustic waves and spin precession. The Fourier transform of the signal

reveals two distinct frequencies at 8 GHz and 43 GHz. From the Brillouin frequency

equation introduced in Chapter 2, f = 2n(A)v cos9, 43 GHz corresponds to Brillouin

scattering of 800 nm probe in the GaAs substrate, which leaves the magnetic-field-

polarization dependent 8 GHz oscillation to the spin precession in the galfenol sample.

In Figure 3-10, the spectra from the 25 nm galfenol sample measured with a 790 nm
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Figure 3-9: Lock-in signal from MOKE detection (left) and Fourier analysis of a
signal (right). B+ and B- indicate the opposite polarity (180 degree field rotation) of
the external magnetic field. The slow oscillatory signal at 8 GHz corresponds to the
precession and the fast oscillation at 43 GHz is the Brillouin oscillation frequency in
the GaAs substrate.
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Figure 3-10: MOKE signals from the 25 nm galfenol sample measured by a 790 nm
probe. The top figures are measured with an out-of-plane external magnetic field,
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Figure 3-11: MOKE signal from 25 nm galfenol sample measured by a 395 nm probe.
Unlike the 790 nm counterpart, the Brillouin oscillation is from the ZnSe capping
layer instead of the GaAs substrate.

probe is shown. The easy axis [100] was aligned with the probe propagation direction,

and the external magnetic field direction was varied. The top figures show the results

from measurements with an out-of-plane external field along [001J direction, and the

8 GHz precession signal is clearly present, especially in the subtraction plot between

two opposite external magnetic field polarities, (+B)-(-B). One thing to note here

is that the time derivative of the subtraction plot shows the amplified presence of

fast oscillations. As mentioned in the Chapter 2, the numerical time derivatives can

amplify small variations lowering the signal-to-noise ratio. In case of the in-plane

magnetic field along [010], the spin precession signal is absent. In both cases, the

43 GHz signal from Brillouin scattering in GaAs shows an interesting envelop shape.

The amplitude of the Brillouin scattering oscillation maxes out at about 150 ps after

the initial excitation. The Billouin oscillations were independent of the magnetic field

orientation, indicating that the detected longitudinal acoustic modes were initiated by

thermal expansion. For Feo.8Gao.2 , c11 = 196.0 GPa, c12 = 156.0 GPa, and c4 = 123.1

GPa [98]. With the density of 7.42 g/cm 3, the longitudinal and shear speed of sound

in galfenol is 5140 m/s and 4585 m/s, respectively. The 150 ps delay can be attributed

to the counter-propagating longitudinal acoustic waves making a round trip in the
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360 nm ZnSe capping layer and entering galfenol and GaAs layers.

In Figure 3-11, the spectra from the 25 inn galfenol sample measured with a

395 nm probe is presented. For 395 nm probe beam, expected Brillouin scattering

frequencies for the longitudinal and shear waves are 100 GHz and 90 GHz inside

the GaAs. In the Fourier analysis presented, however, the fast oscillations detected

had a frequency of 52 GHz that does not agree with any modes in the GaAs at the

given probe wavelength and angle. The penetration depth, ( = 1/a, where a is the

extinction coefficient, may account for this. The penetration depth of 395 nm beam

in GaAs is 14 nm, whereas it is 683 nm for 795 nm beam [110, 111]. The detected

oscillation frequency is defined even before the probe reaches the GaAs layer. The

penetration depth of 790 nm beam in ZnSe is 1.4 pm, therefore the Brillouin scattering

in ZnSe was unnoticeable for 790 nm probe. However, the penetration depth in ZnSe

is only 69.7 nm for the 395 nm beam [110, 112]. The Brillouin scattering frequency

of 52 GHz measured in this experiment matches with ZnSe substrate with 3563 m/s

longitudinal speed of sound. Due to short penetration depth in ZnSe, 395 nm probe

is not ideal.

3.4.2 Controlling precession

Due to the strong precession and Brillouin oscillations signals, the weak longitudinal

and shear acoustic pulses from demagnetostriction are difficult to detect. To detect

small signals that are otherwise buried in the noise floor, the oscillations need to be

suppressed. To negate the spin precession, double-pump geometry, described in the

section 3.3, was employed. Both the pump and the probe had 790 inn wavelength,

and the external magnetic field was oriented normal to the sample along the 10011

axis. Sixty-eight fs after the first 42.5 mW pump, the second 12 mW pump was intro-

duced. As shown in Figure 3-12 in comparison to Figure 3-10, the amplitude of the

precession signal is effectively suppressed. However, the second beam renormalized

the precession and it could not be entirely removed. Another and bigger issue with

this attempt was the Brillouin oscillation. To eliminate the Brillouin oscillations, the

galfenol sample with a different structure was explored.
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Figure 3-12: MOKE signal from a 25 nm galfenol sample pumped with two pump arms
with 68 ps time separation measured by a 790 nm probe. Double pump suppressed
the oscillation from the precession.

3.4.3 Detection of acoustic echoes

Instead of a thin 25 nm galfenol that lets 800 nm probe to bleed into the GaAs

substrate, 92 nm galfenol sample with 6 nm of gold capping layer was used. The

sample was pumped with the 71 mW, 790 nm beam and probed with the 700 IW,

395 nm probe. The sample was initially mounted with [1001 easy axis aligned with the

probe propagation direction. The external magnetic field was applied along the [001]

out-of-plane axis. In Figure 3-13, inflection points were observed every 140 ps. The

Fabry-Perot cavity effect could explain this. As a reflective interface was displaced by

the arrival of an acoustic pulse, the signal amplitude shifted significantly. Considering

the speed of sound of VL = 5140 m/s and vs = 4585 m/s, the 140 ps time delay

corresponds to 720 nm or 642 nm, origin of which is still under investigation.

In another experiment, the 1110] hard axis was aligned with the probe propaga-

tion direction and the external magnetic field was applied from the sample normal

along the [0011 axis. The signal did not have any coherent oscillations. Instead it

contained some intriguing features. As discussed earlier in the chapter, the frame

of reference and some parameters need to be adjusted for the sample rotation. The

new magnetoelastic constants are given as c'1 = (c1 1 - c12)/2+ c44 = 299 GPa and

c'1 = (c 11 - c12)/2 - C44= 52.9 GPa. In this frame, it takes 29 ps for longitudinal
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Figure 3-13: MOKE signal from 92 nm galfenol sample measured by a 395 nm probe
along [100] easy axis. The resulting spectra showed inflection points every ~ 140 ns.
The light red mark indicates the next possible inflection point.

acoustic mode to make a 184 nm round trip to the FeGa/Buffer interface, and it takes

68 ps for shear acoustic modes. In Figure 3-14, the results are shown and contain

some longitudinal (L) and shear (S) acoustic echoes. The amplitude of the echoes

decreases as the result of acoustic attenuation and partial transmission through the

sample interfaces. The three longitudinal echoes (L, 2L, 3L) were separated by 29 ps

as expected, and showed ir phase difference one after another arising from impedance

mismatch. At 69 ps, a pulse with the same phase as L is observed, and it can be

attributed to the shear mode (S). At 98 ps, the sum of the longitudinal and shear

modes arrival time, a mode conversion was observed. Part of the longitudinal pulse L

should have been converted to a shear pulse when it was reflected at the FeGa/Au/air

interface. This shows that the galfenol film can be an effective transducer using the

demagnetostriction effect. To confirm the result, more samples need to be tested and

signal to noise ratio need to be improved.

3.5 Summary

In this chapter, a magnetostrictive material galfenol (Fe 1 _,Ga.) with 80 percent iron

and 20 percent gallium was used as an acoustic transducer using demagnetostriction

effect. In the thin (25 nm) galfenol sample, both spin precession and Brillouin scat-
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Figure 3-14: MOKE signal from 92 nm galfenol sample measured by a 395 nm probe
along [1101 hard axis. The signal suggests the presence of longitudinal (L), shear(S),
and mode conversion (L-S) acoustic modes.

tering were observed. The 790 nm probe could penetrate through the 360 nm ZnSe

capping layer and galfenol film to record the Brillouin scattering in GaAs substrate.

The 395 nm probe had short penetration depth into the ZnSe layer, and exhibited

Brillouin scattering in ZnSe. Carefully designed pulse sequence was used to test the

precession suppression. The presence of strong coherent oscillations from precession

and the Brillouin scattering makes it hard to observe acoustic echoes. In the thick (92

nm) galfenol sample, the Fabry-Perot cavity effect and acoustic echoes were observed.

The results need to be verified by testing a set of samples, and the amplitudes of the

echoes over the background signal need to be improved. Galfenol has a strong mag-

netostriction in a relative small saturation field (~0.1 T) and the Curie temperature

of 973 K. Additionally, its robustness and ease of growing optically smooth surface

makes it an optimal transducer for ultrafast magneto-acoustics.
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Chapter 4

Phonon Lifetime in InGaN/GaN

superlattices

4.1 Strained piezoelectric superlattice

A semiconductor superlattice is an excellent model system for studying coherent

acoustic phonons. By controlling the periodicity of the superlattice, one can con-

trol the period of acoustic phonons generated, thus dictating the frequency of the

phonons [70]. Traditional picosecond ultrasonics with a thin metal film for genera-

tion and detection of coherent acoustic phonons were limited by slow energy transfer

to the lattice due to electron-phonon coupling. However, with the help of nanofabri-

cation techniques developed for nanoparticles and semiconductor structures with less

than nanometer roughness, the generation of THz acoustic phonon became accessible.

While a layer of semiconductor with single nanometers thickness can generate

broadband acoustic pulses encompassing THz frequencies, a, periodic structures can

produce higher signals at well defined frequencies [113, 114]. The artificial periodicity

in superlattice structures introduces a zone folding in the mini-Brillouin zone, enabling

detection of coherent acoustic phonons through acoustic deformation-mediated modu-

lation of interband transitions or through the inverse piezoelectric effect [70, 115, 1161.

The effective optical constants of the superlattice structure change due to the acoustic

oscillations, and the resulting changes in reflection or transmission of the probe light
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can show the coherent acoustic phonon presence in the structured material during

time dependent measurements 1117, 1181.

In this chapter, InGaN/GaN multiple quantum wells with different sample struc-

tures, thicknesses, and roughness were tested to measure THz acoustic phonon lifetime

in each setting. Wurtzite GaN and InN along (0001) c-axis orientation has a large

piezoelectric constraint coming from lattice mismatch (aGaN = 0.3189 nm, CGaN =

0.5185 nm, aInN = 0.3544 nm, cInN = 0.5703 nm) [119-1211. The compressional

strain in the structure results in a piezoelectric field, which can be released upon

photoexcitation as a set of counter-propagating acoustic waves.

4.2 Optical generation and detection of coherent acous-

tic phonon in piezoelectric multiple quantum well

The detailed explanations of the laser generation and detection of acoustic waves in

InGaN/GaN superlattices have been reported in the literature. A time-dependent

Hartree-Fock approach with many-body Coulomb interaction was used to explain

generation of electrons and holes from ultrafast photo excitation, and the generation

of longitudinal acoustic phonons was described with a loaded string model [1181, which

was supported by experimental results 1671. The coherent acoustic phonons can be

treated as macroscopic elastic waves, since coherent acoustic phonons have a high

degree of temporal coherence. The optical absorption of the multiple quantum wells

change by the acoustic phonons through both piezoelectric and deformation couplings,

while dominated by the piezoelectric coupling through the quantum-confined Franz-

Keldysh effect [117, 122, 1231.

The generation of the coherent acoustic oscillations is initiated by piezoelectric

field screening. When above-bandgap photons are absorbed by the quantum wells, the

large piezoelectric field in the lattice causes electrons and holes to spatially separate,

screening the preexisting field. The sudden change in the piezoelectric field perturbs

mechanical equilibrium through piezoelectric and deformation potential couplings,
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described by:

T Q =CjS3 - ekiEk + 6 E dvpv (4.1)
v=e,h

Di = EiFj + ei3S3 . (4.2)

Here, T is the stress tensor, S is the strain tensor, Di is the electric displacement,

and Ej is the electric field. Cij, Ej, ekj are the stiffness, dielectric, and piezoelectric

constants. d, and pv are the deformation potential constants and carrier densities of

electrons and holes. The delta function, 6j, is 1 for i = 1, 2, 3 and 0 for i = 4, 5, 6

signifying that deformation potential coupling only applies to the diagonal parts of

the stress tensor. As the quantum wells relax to a new inhomogeneous equilibrium,

coherent acoustic phonons are launched [117, 1181. While the piezoelectric coupling

and deformation potential can both contribute to the generation of acoustic phonon,

the effect from the piezoelectric contribution is dominant 167, 1181. It has also been

reported that deformation potential can only contribute to longitudinal waves. On

the other hand, the effective piezoelectric tensor direction can be tuned by the angle

between the c-axis and the growth direction, in effect tuning the ratio between the

longitudinal and transverse acoustic phonons generated 11241. In this work, the c-

axis was the propagation direction such that only the longitudinal acoustic wave was

generated.

The existence of coherent longitudinal acoustic phonon causes shifts in the res-

onant wave vector, which changes the optical absorption of the multiple quantum

well structure. The change in probe transmission, AT/T can be expressed with a

sensitivity function:

(T) LA(t) j dzS 3 (z, t)F(z; w), (4.3)
LA -0o(43

where S3 denotes strain amplitude of a small volume element along the c-axis and

F(z) = -3ai/S3 is the weighted strain contribution to transmission change. The

absorption constant in ith layer &, for a perturbing strain S3 changes in accordance
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with ai = (6aj/6 3)S 3, resulting in a constant value of the sensitivity function in

each layer of multiple quantum wells 135, 1171. Detailed calculations, reported by

references 11171 and 1118], show that the piezoelectric coupling is the dominating

factor in the system sensitivity function, significantly changing optical transmission

when the strain pulse travels through the wells.

4.3 Sample preparation and characterization meth-

ods

In the Nitride Materials and Devices Laboratory at the University of Houston, Ino.2Gao.sN

/GaN superlattice structures were grown on double-side-polished sapphire substrate

with a 5 tm thick GaN template using a custom built molecular beam epitaxy tool.

After a 100 1nm GaN buffer layer was introduced, desired sample structures were

grown with varying numbers of layers, roughness, and GaN spacer thicknesses, by

modulating the shutters for In and Ga while the substrate was exposed to the N

plasma. The superlattice stacks were capped by a 120 nm thick GaN layer with sur-

face roughness of about 0.9 nm over 1 pm2 and 4 nm over 10 pm2 . The prepared

samples were monitored by scanning electron microscopy (SEM) and tapping-mode

atomic force microscopy (AFM).

The structural integrity of the samples was characterized by scanning transmission

electron microscopy (STEM) at the Center for Nanophase Material Science Division

of Oak Ridge National Laboratory and by high resolution x-ray diffraction at the

Energy Research Park of the University of Houston. The samples were ground and

milled for imaging with atomic resolution STEM. The x-ray diffraction measurement

was performed with Cu K, 1 radiation with 1.540 Awavelength, and the diffracted

beam was optimized with a triple bounce analyzer for fine line resolution with minimal

background [1251.

For coherent acoustic phonon measurements, amplified Ti:Sapphire laser pulses

with 790 nm wavelength, 200 fs pulse width, and 250 kHz were split into pump and
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PumpGaN SuperlatticePump cap

Figure 4-1: Out-of-scale sample structure and beam geometry. The probe beam is
introduced at normal incidence and transmitted through the sample, while the pump
is introduced at a 20 degree angle.

time delayed probe, which then were frequency doubled. The 395 nm wavelength has

a photon energy above the bandgap of InO.2Gao.sN but below the bandgap of GaN.

The excitation beam with 0.1 /pJ pulse energy was modulated at 93 kHz using an

acousto-optic modulator and was focused on to the sample with a spot size of 90 im.

The pump had incident angle of 200 off normal incidence to provide spatial separation

between pump and probe transmitted through the sample. The probe was split into

reference and probe for balanced detection. The probe with 3.6 nJ energy was focused

onto the sample with 25 pm diameter, with the center overlapped with that of the

pump beam. The incidence angle separation could introduce time separation of up to

25 fs across the probe beam, but the effect should be negligible considering the pulse

duration and period of the generated phonon mode.

4.4 Surface specularity and phonon dispersion

The first structure of interest had 25 periods of 4 nm Ino.2Gao.8N / 4 nm GaN sand-

wiched between GaN cap and GaN substrate. When the pump beam arrives at the

multiple-quantum-well structure, acoustic phonons are simultaneously generated from

each Ino.2GaO. 8N layer and get launched into both the cap and substrate, where they

79



25 Perdods
(2) SLof4nm

InoGao.sN
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Figure 4-2: THz coherent acoustic phonons are launched in both c-axis directions.
The wavepacket gets reflected at the GaN substrate-air interface and measured when
it enters the superlattice again after a time delay.

travel along the c-axis at 8020 m/s [126]. After about 34 ps of time delay, another

set of coherent acoustic phonon signals is observed as shown in Figure 4-3. The

wavepacket launched toward the cap is measured again when it gets reflected from

the free surface and transverses back into the multiple-quantum-well, while there are

no reflected acoustic phonons measured from the substrate side. The effective cap-

ping layer thickness can be estimated as 136 nm. The lifetime of THz phonons in

GaN substrate will be discussed in Section 4.6. This was the first demonstration of a

specular reflection of THz acoustic phonons from a free surface.

After subtracting the slow background dominated by the electronic response, the

acoustic oscillations in Figure 4-3 are analyzed. The number of acoustic periods in

each wavepacket matched with the number of superlattice periods. After the initial

wavepacket generation, the transmitted probe intensity oscillates and the oscillation

intensity decreases linearly as the wavepacket propagates away from the multiple

quantum-well structure. When it reappears after the reflection, the number of periods

doubles and the shape of the measured signal shows a diamond-shape profile, as the

rectangular wavepacket propagates through the superlattice. In Figure 4-3, reflected

signal shows the broadening of the wavepacket indicating the free surface roughness.
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Figure 4-3: (a) Background subtracted signal with an inset of signal from reflected
wavepacket. (b) and (c) show Fourier transforms of initial and reflected responses.
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Figure 4-4: InGaN/GaN superlattices with 100 periods were prepared to launch THz
coherent acoustic phonons in both c-axis directions. The wavepacket gets reflected at
the GaN substrate-air interface and measured when it enters the superlattice again
after a time delay.
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4.5 THz phonon lifetime within superlattices

Next, two structures with 100 periods of 4 nm Ino.2Ga0.8N / 4 nm GaN were prepared

with different uniformity of GaN periods by modulating Ga flux intensity. Increase in

plasma density reduces the diffusion length of adsorbed Ga and forms rougher growth

front [1271. The overall uniformity of each InGaN/GaN double layer was controlled

by InGaN growth. Using z-contrast scanning transmission electron microscopy under

high-angle annular dark field mode, cross section images of the samples with smooth

and rough InGaN/GaN interfaces were captured. The dark strips correspond to GaN

layers, while the light ones are InGaN layers. Close inspection of the superlattice

period thicknesses revealed that the periodicity changed due to the non-uniformity in

GaN layer. The smooth sample had period thickness of 8.08 nm 0.75 nm, while the

rough sample had period thickness of 6.17 nm 0.84 nm. Even though the roughness

of GaN layers was different between two samples, the roughness was not repeated or

increased cumulatively across the periods as can be seen from Figure 4-5.

The Figure 4-6 shows the x-ray diffraction pattern from the two samples. The

signal from the diffraction was normalized based on the A1203(006) peak. The black

solid curve is for the smooth sample, and the red dotted curve is for the rough

sample. One thing to note is that there is an extra SL(-2) peak at 31.89 degrees for

the smooth sample, which can be attributed to the uniformity difference between the

two. Change in the diffraction peaks was consistent with previously reported x-ray

diffraction study of superlattice interfaces, where roughness was introduced through

Figure 4-5: STEM images of superlattices with smooth (left) and rough (right) GaN
layers. The light strips are InGaN, and the dark strips are GaN.
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Figure 4-6: (002) w -20 scan of GaN, InGaN, and AIN and (006) scan for the sapphire
substrate. The black solid curve representing smooth sample has an extra SL (-2)

satellite peak over the red dotted curve representing the rough sample, demonstrat-

ing that the sharper interfaces yield higher overtones of the fundamental multiple

quantum well wavevector.

annealing at 1000 'C [1281.

In Figure 4-7, the photoacoustic measurement results are shown. Since the acous-

tic impedances and velocities in GaN and InGaN are closely matched, scattering losses

at the interfaces are expected to be small. However, the coherent acoustic phonon

signal would decrease significantly, if the layer periodicity does not match closely from

layer to layer. Also, rough generation fronts could contribute to the strong damping

of the acoustic response. From (a) and (c) the decay time of the acoustic oscillations

measured at 1/e level is about 50 ps in the smooth sample while the decay time was

about 6 ps in the rough sample, an order of magnitude difference. From (b) and (d),

the Fourier spectra, show that the frequencies of the observed coherent phonon are

significantly different, 1.0 THz for the smooth sample and 1.3 THz for the rough sam-

ple. Even though the thicknesses were supposed to be identical between the smooth

and rough samples, the roughness control resulted in 25% thinner GaN layers in the

rough sample, as seen through the TEM measurement. This average period thickness
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Figure 4-7: The transient probe transmission change (a) and (b), and frequency
analysis through Fourier transformation (c) and (d) for superlattices with smooth
and rough GaN layers. The red curves is for smooth layers, while the blue curve
represents the rough layers result.

difference is also reflected in the phonon frequency. Also, the Fourier spectrum for

the rough sample was much broader.

Noninvasive, non-contact photoacoustic measurement of layered structures has

been demonstrated to be an effective and sensitive tool to test layer thickness unifor-

mity. The tunneling electron microscopy can present a clear picture of the roughness,

however the imaging process involves time-consuming and destructive preparation

steps. X-ray diffraction is not invasive, but it is difficult to evaluate the non-uniformity

from small variation in the peaks. Therefore, photoacoustics can be uniquely valuable

in assessing homogeneity of multi-layer semiconductor structure fabrication process,

such as the ones used for LEDs, laser diodes, and quantum cascade lasers.
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Figure 4-8: InGaN/GaN superlattices with two sets of 10 periods. The GaN spacer
between the two were varied for THz acoustic phonon lifetime determination.

4.6 THz phonon lifetime in GaN spacer

Finally, structures with a spacer between superlattices were fabricated and tested.

Pairs of multiple quantum wells with 10 periods of 2.7 nm InO. 2Ga0.8N / 2.7 nm GaN

were fabricated with varying spacer thicknesses of 0.5 Mm, 1 pm, 2 pim, and 3 pm

between them. The corresponding phonon frequency was 1.4 THz. For the 2 pm

structure, another sample with 4 nm Ino.2Gao.sN / 4 nm GaN was prepared generat-

ing 1.06 THz oscillation. The acoustic phonons were generated and launched from

each of the multiple quantum wells, and probed after they traveled across the spacer,

to measure the lifetime of THz coherent acoustic phonons in GaN. The maximum

distance between the first and the last layers of the InGaN was about 3.16 pim, which

corresponds to about 10 femtosecond timing difference for excitation from the pump

beam as it propagated through the structure. This difference in time is equivalent

to 84 picometer structural irregularities. This difference is negligible considering the

~ picosecond period of the acoustic waves and about 0.8 nm irregularities in the

periodicity. Since phonon mediated thermal transport plays a crucial role in thermal

management of GaN based devices, phonon lifetime in GaN will be studied in this

section.
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4.6.1 THz phonon lifetime measurement with variable spacer

thickness

The counter propagating wavepackets with rectangular envelopes were detected through

transmission changes as shown in earlier experiments. Based on the speed of sound

of 8020 m/s, the spacer thicknesses of the 1.4 THz structures were 0.55 Pm, 1.1 pm,

2.3 Im, and 3.4 pm. The spacers were 10 percent thicker across the board than tar-

geted thickness. By comparing the Fourier transform amplitude between the initial

and transmitted wavepackets, the attenuation of the acoustic wave from traveling

through the GaN spacer can be calculated. The attenuation of the acoustic wave is

given by:

a(w) = -In (4.4)
ds [AR2()

where d, is the spacer thickness, R1 and R2 are the peak values of the Fourier trans-

formation [1241. Based on the Fourier analysis shown in Figure 4-10 and equation

4.4, the average attenuation was 6.5 tm-1, and the average lifetime was 23 ps for

1.4 THz coherent acoustic phonons. The results from the four samples, however,

had large deviation from each other. Also, they deviated significantly from the ex-

pected value of 400 ps obtained from theoretical calculations 1129, 1301. Another

approach was taken to find the phonon life time in GaN. The values of lIn (R) for

the increasing spacer thicknesses were -5.7, -7.7, -12, and -11. From the relationship

ln ({2) -2.2x - 5.5, the attenuation was calculated to be 0.46 pm- and the

lifetime was 270 ps, which was in better agreement with the theoretical calculation.

The measurements are influenced by attenuation in the structures themselves or at

the boundaries. Therefore, comparing the attenuation results from different spacer

thicknesses could partly correct for the intrinsically low measured lifetime value.

The lifetime of THz phonons was measured using a set of structures with double

superlattices with spacers in between. This approach has great potential to build a

phonon lifetime library for semiconductors at frequencies that were nearly inaccessi-

ble. However this method suffered significantly from the fact that each sample was

grown separately. As seen in Section 4.5, unexpected small variations during fabri-
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Figure 4-9: Fourier transform amplitude ratio between the initial and transmitted
wavepacket at 1.4 THz frequency with varying spacer thicknesses.

cation process could result in misleading lifetime estimate. The low signal to noise

ratio toward the higher spacer thickness also hindered precise measurement at thicker

spacer samples.

4.6.2 Frequency dependent THz phonon lifetime in 2 pim GaN

spacer

Further testing of the double superlattice structures was conducted at the National

Taiwan University by a team led by C.-K. Sun. They have used a system with

frequency doubled Ti:Sapphire oscillator with a 76 MHz repetition and about 200 fs

pulse length at 404 nm wavelength, which falls below bandgap of GaN but above band

gap of InO. 2GaO.8N. The spot size for both the pump and probe was 15 Jim, and the

pump power was 0.5 nJ and probe pulse was 0.05 nJ. During this investigation higher

signal to noise ratio achieved by frequency filtering showed a total of four acoustic

signals. The first and the third signals correspond to those shown in the Section

4.6.1. The second and fourth signals come from wavepackets reaching the free surface

between the GaN cap and air and returning as depicted in Figure 4-11 [1301.

For this testing, two samples with 2 /um spacers were tested. The amplitude

of the fourth signal compared to the third was smaller as seen in the Figure 5-1.

The squared ratio of the Fourier transform peak was found to be 0.21 for 1.06 THz

sample, and it reflected the surface specularity and additional crossing of InGaN/GaN
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boundaries. To quantify the losses from the propagation in GaN, the first and the

third signals were compared. The amplitude is bigger in the first tone burst, but

the third tone burst has longer duration such that ideally they should have the same

Fourier transform peak. The attenuation was, therefore, calculated from the Fourier

transform peak amplitude ratio:

A3 = exp Td (4.5)
A1  2 r

where Td is the delay between the tone bursts and r is the phonon lifettime. The

1/2 factor comes from the fact that the phonon lifetime is 1/e decay for energy not

amplitude. The calculation based on the above equation resulted in 136 20 ps for

1.06 THz and 55 + 7 ps in 1.4 THz samples, which was significantly shorter than

predicted by calculations as shown in the Figure 4-13. This sensitivity measurement,

however, could be significantly affected by the layer thickness nonuniformity expressed

by:

3 = exp k ,O2 (4.6)
A,1 ( 22

where k is the phonon wavevector and o- is the root mean square deviation of the spacer

thickness. It would only take thickness nonuniformity of o- = 1.9 nm and 2.1 nm for

1.06 THz and 1.4 THz, if the attenuation only came from the thickness variations.

Therefore the observed phonon lifetimes should be considered lower bounds, and more

experiments should follow to separate these factors [1301.

C(2))

(4)

GaN 10 Periods 10 Periods GaN
Cap InGaN/GaN GaN Spacer InGaN/GaN Substrate

Figure 4-11: The sample structure schematic with labels indicating the sequential
order of detection. The arrows indicate the path that acoustic wavepackets take
before the detection. The numbers marked here match the labels in Figure 5-1.
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4.7 Summary

In this chapter, strained piezoelectric semiconductor superlattices were used to gener-

ate THz acoustic phonons and to study THz phonon properties in GaN based struc-

tures. During the investigation of the lifetime of up to a 1.4 THz frequency acoustic

phonons, specular reflection from an air/GaN free surface was observed. To use these

high frequency phonons for liquid experiments, impedance matching layers may be

introduced between the GaN/InGaN structure and liquid sample. The photoexcita-

tion of THz acoustic phonons in layered structures with nanometer scale irregularities

was introduced as an effective tool to investigate the integrity of the fabrication pro-

cess. The roughness introduced during the fabrication process was effectively probed.

Unlike SEM or TEM that are only surface sensitive or limited to ultra-thin layers,

the lifetime and bandwidth measurement of phonons in the layered structure was

shown to be a noninvasive and sensitive tool to test the layered structure quality,

applicable for semiconductor industries. Finally, the lifetime of THz phonons in GaN

was determined by using double superlattice structures. There are still challenges like

separating extrinsic factors like interface roughness or thickness nonuniformity within

the probe spot, but it is shown that the intrinsic losses within GaN do not hinder the

study of acousto-electronic devices in the THz range. Overall, the experiments with

piezoelectric superlattices opened many possibilities for studying mechanical proper-

ties and thermal phonons, which previously were only accessible though molecular

dynamics simulations.
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Chapter 5

Electron-Phonon Coupling and

Thermal Transport

5.1 Electron-phonon coupling

In this chapter, the thermal conductivity change due to carrier-phonon interactions

will be discussed. While thermal transport is mostly mediated by electrons in metals,

phonons carry most of the heat in semiconductors and insulators [131]. Previously,

theoretical studies have shown that the lattice thermal conductivity can be reduced by

electron-phonon interactions when the carrier concentration is above 1019 cm- 3 1132,

1331. There are many scattering events including impurity scattering and electron-

phonon and phonon-phonon scattering [28, 134]. To isolate the carrier contribution

to the scattering events, photo-excited carriers will be generated in silicon membranes

through a pulsed laser excitation.

Most studies of electron-phonon scattering have measured the effects on the elec-

trons, i.e. on electronic relaxation dynamics. Earlier experiments studying electron-

phonon interaction effects on phonons or thermal transport focused on changing the

carrier concentration by either doping or electrostatic gating. However, the doping

process introduced impurities that also scattered phonons, and the phonon scatter-

ing from the impurities was hard to be distinguished and isolated from the scattering

from carriers [135-1381. Electrostatic gating has a few nanometers of screening length
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Figure 5-1: First principles calculation results showing how the lattice thermal con-
ductivity changes as the carrier concentration increases. The calculation shown in
the figure accounted for electron-phonon interactions and phonon-phonon interac-
tions. (adopted from [132]).

that results in a short interaction time between carriers and phonons, such that the

experiments were limited to cryogenic temperatures [139, 1401.

For conventional electronic devices, a typical carrier concentration in a semicon-

ductor is below 1019 cm-3, and the carrier concentration in a metal is above 1022

cm-3. Below 1019 cm- 3 carrier concentrations, the effect of electron-phonon coupling

on phonon transport is negligible. For metals with carrier concentrations of above

1022 cm-3, phonons facilitate less than 10 percent of the thermal transport [131, 1411.

However, demand for heavily-doped semiconductors rose in the thermoelectrics indus-

try in the recent years, and the electron-phonon dynamics in materials with carrier

density between 1019 cm 3 and 1021 cm 3 became relevant. Electron-phonon scatter-

ing as well as phonon-phonon scattering processes were studied with first-principles

calculations by the Gang Chen Group in the Mechanical Engineering Department at

MIT to provide a baseline for intrinsic lattice thermal conductivity and to evaluate

the effects of electron-phonon scattering on the thermal conductivity [142, 143]. In

those studies, it has been shown that the lattice thermal conductivity of silicon can be

reduced by up to 45% in p-type silicon and 38% in n-type silicon by electron-phonon

interactions at the carrier concentration of 1021 cm- 3 [132]. Experimental tests of the

theoretical results have not been reported to date.
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5.2 Electron-phonon scattering of coherent acoustic

phonons

In 2015, Bolin Liao of the Gang Chen group and a team of scientists conducted an

experiment measuring coherent phonon lifetimes in a silicon membrane with variable

carrier concentrations. In addition to a 390 nm pump pulse generating 250 GHz co-

herent acoustic phonons on one side of the Si membrane and a 390 nm probe pulse

detecting the resulting strain pulse on the opposite side of the membrane through

coherent Brillouin scattering in reflection mode, a 780 nm excitation pulse was in-

troduced to generate carriers throughout the 1.7 pm thick membrane. While the

penetration depth of 390 nm light is about 53 nm appropriate for reflection mode

detection, the penetration depth at 780 nm is about 10 pum so carriers were gener-

ated nearly uniformly throughout the membrane thickness. After the pump pulse

launched the acoustic wavepacket, it took about 210 ps to cross the 1.7 pm mem-

brane where it was detected at the other side. The excitation beam was introduced

at t = 260 ps from the pump-side. The excitation caused significant reductions in

the subsequent signals from the acoustic wavepacket making successive round trips

in the membrane, clearly indicating acoustic attenuation due to interactions with the

photoexcited carriers. The results were presented in reference [1441.

The experimental result showed good agreement with the theoretical calculation

derived from the Fermi's Golden rule 11321:

1 (27rm*)/ 2 D ( m*v
XP - nwqv (5.1)

TqP (kBT)312gdpV, 2kBT *

where T'J is the lifetime of phonons with wavevector q and longitudinal branch index

v, m* is the effective mass of the carriers, DA is the acoustic deformation potential

(DA, = 5.2eV for electrons and DA, = 4.8eV for holes), kB is the Boltzmann

constant, T is the temperature, g is the number of equivalent carrier pockets, p is

the mass density, v, is the sound velocity, n is the carrier concentration, and wqv is

the angular frequency of the phonon mode. The result from the study above showed
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a linear dependence between the carrier concentration and the scattering rate for the

250 GHz coherent acoustic phonons. This result motivated the study of the thermal

conductivity change due to the carrier-induced phonon scattering 11441.

5.3 Effect of electron-phonon coupling on thermal

transport monitored with TDTR

To measure the thermal conductivity in semiconductor membranes, the time-domain

thermoreflectance (TDTR) method was employed on a 2.2 pim silicon membrane with

a 100 nm aluminum film deposited on the surface. TDTR directly measures heat

diffusion on a nanometer length scale by tracking the temperature change on the

surface [145, 1461. In this work, unconventional TDTR methods were implemented

to study the electron-phonon coupling effect on thermal transport. The excitation

beam that generated carriers in the silicon membrane also increased the temperature

of the aluminum film, enabling the detection of the temperature change.

5.3.1 Introduction to time-domain thermoreflectance

In the TDTR method, a thin metal transducer film is deposited on top of a mate-

rial of interest. Then through a time-delayed pump-probe measurement, changes in

reflectivity of the transducer are recorded for a thermometry measurement. When a

pump beam irradiates the metal film, absorbed energy produces a sudden jump in

temperature AT1(t). The change of temperature in time can be recorded through

the reflectivity change, AR 1(t) = (dR/dT)AT(t). Since the thermal diffusion length

is much smaller than the radius of the focused pump beam, the surface temperature

AT1(t) can be calculated using a one-dimensional heat flow model [147, 1481.

Generally in a 100 nm thin metal film, the electron temperatures becomes well-

defined within 500 fs when laser photons are absorbed by the free electrons. With

some variations depending on the electronic structures of transducer metal, excited

electrons redistribute their energy through two major processes: ballistic electron
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transport and electron-electron collisions. Ballistic electrons will travel 100 nm in

100 fs when the electron velocities are close to the Fermi velocity of about 106 n/s.

Due to the electron mean-free-paths of 50 to 100 nm in metals, hot electrons will

be distributed uniformly within 100 to 200 fs, and the electron temperature will

equilibrate through electron-electron interactions within 500 fs [149-151].

The energy from electrons is transferred to the lattice through electron-phonon

coupling. Energy transfer between the electrons and the lattice takes longer than

electron-electron energy redist ribut ion due to the large momentum difference between

electrons and phonons 11511. In aluminum, the lattice therrmalization time has been

measured to be about a picosecondl. For effective heat transfer from the aluminum

film into the silicon substrate, thermal energy has to be removed from all regions of the

film including those near the free surface as well as those near the aluminum-silicon

interface. Thus the time for heat to be transported to the silicon will be limited by

the thermal diffusion time within the aluminum film, given by

T ~~ d- , (5.2)

where d is the film thickness and a is the thermal diffusivity. From this relationship,

the time constant is about 10 to 30 ps in a 100 nm film of aluminum [1471. This

is significantly shorter than the ns measurement timescale of the thermal transport

within the silicon. That transport ultimately cools the aluminum layer, as measured

by changes in its reflectivity.

Aluminum, the metal transducer of choice in this experiment, has unusually large

thermoreflectance at the probe wavelength for Ti:sapphire laser system as seen in the

Figure 5-2. For a probe around 800 nm, dR/dT = 10- 4 K- at room temperature.

An aluminum film on the substrate can therefore be ideal for picosecond acoustics

due to a high sensitivity of Al reflectivity to the strain 11521. There are two major

fitting parameters for the TDTR signal: the silicon thermal conductivity K and the

thermal conductance G between the film and the sample. The challenges in fitting

these two parameters at the same time will be discussed later in the chapter.
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Figure 5-2: Thermoreflectance spectrum of aluminum at 370 K and 120 K. (adopted

from [1531)

5.3.2 Back-side pump TDTR

To introduce photo-excited carriers in the silicon membrane, a three-beam geometry,

similar to that in the study discussed in Section 5.2, was introduced. The 790 nm

beam from the Ti:sapphire laser had a pulse width of 200 fs at 250 kHz repetition

rate with 4 pJ pulse energy. The beam was split into the pump and probe beams,

and the probe was time-delayed using a mechanical delay stage that spans about 6.5

ns. After the pump arm was sent through a BBO crystal, about 20 percent of the

beam was frequency doubled to generate a 395 nm pump. Using a dichroic filter, the

beam from the BBO crystal was split into the fundamental frequency excitation arm

and the frequency-doubled pump arm. The 395 inm pump came in from the front

(aluminum) side for a conventional TDTR geometry along with the 790 nm probe.

The pump scatter was spectrally filtered out from the probe. From the back (silicon)

side, the 790 nm excitation beam with variable power was introduced to generate

carriers as depicted in Figure 5-3 (a). The penetration depth of 790 nm excitation

beam is about 10 Mm appropriate for generating carriers nearly uniformly throughout

the 2.2 pm Si sample. Photons from the excitation pulse can traverse through the

membrane and back within 15 femtoseconds so the carrier generation throughout the

thickness can be considered essentially simultaneous.
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The experimental scheme, however, was revised to a two-beam geometry due to

a strong absorption at 790 nm as well as at 395 nm in the aluminum transducer.

Applying both the 395 nm pump and the 790 nm excitation beam resulted in double

thermal stimuli on the aluminum film, so the 395 nm pump beam was removed to

reduce complications in thermal modeling. The photon absorption efficiency used for

the carrier generation was about 30 percent. To acquire the absorption coefficient, a

region on the silicon substrate was protected during the aluminum deposition, and

the transmission and reflection of the excitation beam in this aluminum-free area was

measured. The excitation beam induced an instantaneous temperature rise in the Si

of up to 10 K after each pulse and a steady-state temperature rise of up to 20 K at

the 250-kHz laser repetition rate.

Figure 5-4 shows normalized raw data from TDTR measurements. There is a

sharp initial change in the reflectivity from electronic and temperature responses. The

excitation beam also generated coherent phonon wavepackets with echoes observed

about every 540 picoseconds, which corresponded to the time for phonons to travel

2.2 pim back and forth. The signal decayed more slowly with increasing pump fluence,

indicating lower thermal conductance in the silicon membrane, which is in agreement

with predictions that higher carrier concentration would scatter the heat-carrying

phonons resulting in lower thermal conductivity. For quantitative analysis, the decay

curve was fit to a model developed in the Gang Chen group for calculating thermal

conductivity and interface conductance [154]. The results are shown in Figure 5-5.

a) b)

70m nm excitation - 790 nm excitation

Figure 5-3: Beam geometry of the TDTR measurement. Initially, a 395 nm pump
was introduced to initiate temperature change in the Al film as shown in (a). A 790
nm excitation beam was later used for both the generation of carriers and the thermal
excitation.
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Figure 5-4: Raw signal from the TDTR measurement. As the power of the excitation
increases, the normalized signal decays more slowly, indicating that the increase in
carrier density resulted in lower thermal conductivity.

Only the decay curve from the 1000 ps after the excitation was used for the model

fitting to avoid any influence from the fast responses in the transducer discussed

earlier. The carrier lifetime is about 10 ns in a silicon membrane with a carrier density

of about 10 19cm- 3 at room temperature [155-157]. Therefore, the photoinduced

carriers were present throughout the measurements.

Due to nonlinear pump-power effects in the sample, the maximum excitation power

used for the experiment was 25 mW, and the corresponding carrier density was 4 x

1019cm-3. The power was converted to carrier density, n, by:

El1
n = a Er1'(5.3)

hW 7rdr2'

where a is the absorption coefficient, w is the photon frequency, d is the substrate

thickness, and r is the radius of the beam. The laser pulse energy, E, was acquired

from the power of the laser excitation beam, P, and the modulation frequency, fmod,

by the relationship E = P/fmod. The measured thermal conductivity at a given

carrier density was compared to a prediction by the DFT calculation and plotted in

the Figure 5-6. The carrier density estimation had about 30 percent margin of error,
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Figure 5-5: TDTR experimental and model data. The thermal decay curves were fit

to a model to calculate the thermal conductivity and interface conductance. Only

the data from > 1000 picoseconds after excitation were used to avoid any effects from

fast electronic responses in the Al layer.
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Figure 5-6: Comparison between the measured thermal conductivity in 2.2 pm silicon

and DFT calculation. The measured thermal conductivity had a downward trend

with increasing carrier concentration in qualitative agreement with the theory, but

the measured values changed significantly more than the simulated results.
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and the thermal conductivity fitting had about 10 W4/m - K margin of error. The

thermal conductivity decreased with increasing carrier concentration as expected, but

the changes in the measured values were significantly larger than those predicted by

the DFT calculations. In TDTR experiments, the measured thermal conductivity

value is usually about 10 to 20 percent lower than the calculated value due to other

scattering events from the surface, interfaces, and structural imperfections such as

dopants and vacancies. However, the difference between the two observed in this

study was significantly larger especially with high carrier concentration.

5.3.3 Challenges in the fitting thermal conductivity

Analogous to a mismatch in optical refractive indices causing optical reflection at

an interface, the difference in densities and speeds of sound result in an acoustic

impedance mismatch for an interface between dissimilar materials. In the acoustic-

mismatch model with an assumption that scattering due to interface imperfections is

absent, the transmission coefficient tAB for phonons coming to the interface at normal

incidence is:

tAB - 4ZAZB
(ZA + ZB) 2 (

where Z = pc is the acoustic impedance for materials A and B respectively, and c and

p are the speed of sound and the mass density respectively. In the diffuse mismatch

model, phonons scatter at the interface to one side or the other with a probability

proportional to the density of states [1581. However, in addition to these factors, it

has been demonstrated that interface contamination can have a large effect on the

transmission of the phonons [148, 158, 1591.

To model the TDTR thermal decay curves, there are two main fitting parameters:

thermal conductivity of the substrate and interface conductance between the substrate

and the transducer. For this study it is critical to find a precise and accurate thermal

conductivity value in silicon membrane. In Figure 5-7, it is shown that small variations

in interface conductance can significantly change the calculated thermal conductivity.

Varying the thermal interface conductance of 74 and 84 MW/m 2 - K, the thermal

102



a)P=10mW b)P=15mW c)P=20mW
200 -1.5

5 180
-2

140 -2.5
120 -3
100 35

8 80
-4

60
40 -4.5

.20 -5

20 40 60 80 100 120 20 40 60 80 100 120 20 40 60 80 100 120

Interface Conductance (MW/m 2 -K)

Figure 5-7: Residue plot from thermal model fitting of thermal conductivity and
interface conductance with varying pump laser powers. A small variation in the
interface conductance could result in a large error in the thermal conductivity.

conductivity can be found anywhere between 60 and 200 W/m -K with good fits to

the data.

A strong acoustic echo signal is present bouncing back and forth between the

silicon-air free surface and silicon-aluminum interface, as shown in the Figure 5-4.

The strong presence of the echoes and their very slow attenuation indicate that the

silicon-aluminum interface quality may be poor due to imperfections or contamination

introduced during the aluminum deposition process [35, 160]. The effect of a poor

interface conductance is shown in Figure 5-8. The simulated residue plot was based on

an ideal thermal decay curve with Si thermal conductivity of 130 W/m- K. Increasing

interface conductance results in a smaller range for the thermal conductivity fit. When

the interface conductance is as high as 500 MW/m2 . K, the target value of 130

W/m - K becomes the only viable fit. If the aluminum film deposition process is

improved to increase the interface conductance, a more precise measurement of the

thermal conductivity reduction due to electron-phonon scattering is expected.

In this section, an investigation of the electron-phonon scattering effect on the

thermal conductivity through TDTR measurements was discussed. Thermal conduc-

tivity reductions were experimentally observed above a carrier density of 1019cm-3

agreeing with the theory and the previous study of coherent acoustic phonons, but

there was a large discrepancy between the experimentally measured and the first-

principles-calculation values of thermal conductivity in silicon. The thin metal film
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Figure 5-8: Simulated residue plot from the thermal model fitting for a fixed laser

power. The thermal conductivity was assumed to be 130 W/m - K and the initial in-

terface conductance was set as labeled on each plot. Increasing interface conductance

decreases the thermal conductivity fitting range.

transducer is included in the modeling, but the presence of significant non-equilibrium

effects can make the data ambiguous [161, 162]. In addition, the thermal boundary

resistance can hinder heat flow from one material to the other [148, 1631. To eliminate

the effects from the interface, transient thermal grating was used to measure the same

effect in a free standing silicon membrane, as presented in the next section.

5.4 Effect of electron-phonon coupling on thermal

transport monitored with TTG

To measure the thermal conductivity in free standing silicon membranes, the transient

thermal grating (TTG) technique was employed in a transmission mode on 400 nm, 2

pm, and 10 pm silicon membranes and in reflection mode on bulk silicon. The goal of

this chapter is to track the thermal conductivity change, therefore a slowly decaying

thermal signal was obtained through an amplitude grating. Technical description of

the TTG technique was introduced in Chapter 2. To optically generate free carriers

in silicon, an additional excitation beam was introduced to the TTG beam geometry.

In this section, further study of electron-phonon coupling effects on thermal transport

is described.
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5.4.1 Transient thermal grating with carrier excitation beam

In this experiment, the pump pulse was from an amplified Yb:KGW HighQ fem-

toRegen laser system with 1 kHz repetition rate. Typically, the system lases at 1030

inn with a 300 fs pulse. However, by bypassing the compressor, the laser output was

stretched to about 60 ps. Because the thermal decay is in the nanosecond time scale, it

was beneficial to avoid sample damage or unwanted nonlinear optical effects from the

high peak powers. For this experiment, the pump beam was frequency-doubled using

a BBO crystal. Because the BBO was optimally cut for 1064 nm instead of 1030 nm,

the BBO temperature was tuned for an efficient second harmonic generation. For the

probe beam, a 532 nm continuous beam from a. Coherent Verdi V5 frequency-doubled

Nd:YAG laser was used. To avoid unnecessary heating of the sample, the probe beam

was chopped with an electro-optic modulator at 1 kHz. To achieve the TTG beam

geometry, a phase mask was used for splitting both the pump and the probe, which

provided passive phase stabilization and a correct angle to overlap the reference and

the Bragg diffracted probe. For this experiment, a 4.25 pm period thermal grating

profile was created using a phase mask and a set of imaging lenses. One of the split

probe arms was attenuated with a ND filter and was used as a reference. The probe

arm gets diffracted from the thermal grating produced by the crossed pump pulses,

and the reference arm and superposed diffracted signal were sent to the detector to

monitor the change in either transmission or reflection mode. The signal traces were

recorded on a 33 GHz Digital Phosphor Oscilloscope from Tektronix.

To observe the change in the thermal conductivity from electron-phonon scatter-

ing, an excitation beam was added to the four-beam transient thermal grating ge-

ometry. An 1030 nm excitation beam was introduced 3.84 ns after the pump beams

generated the thermal grating. The IR excitation beam with 450 um spot size was

overlapped with 532 nm continuous probe with 160 pm spot size. When the beams

were properly aligned, there was a transient reflectivity change. The fundamental

frequency of pump at 1030 nm was initially chosen as an excitation beam, because of

ease of spectral separation between the excitation beam and the probe. Also, 1030 nm
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Figure 5-9: Beam geometry of the TTG setup. An excitation beam was added at
3.84 ns after the pump beam generated thermal grating. In the later experiments,
the excitation beam was frequency-doubled to 515 nm.

was above the silicon bandgap of 1.1 eV, or 1127nm [164]. However, the introduction

of 1030 nm excitation beam had no effect on the thermal conductivity in the 2 Am

membrane, the 10 jpm membrane, or the bulk silicon, as seen in Figure 5-10. The

excitation beam power was increased up to the damage threshold at 150 mW, but

no measurable difference in thermal conductivity was observed. As the thickness of

the silicon membrane was increased, the signal started to show coherent oscillations

indicating some phase grating contributions.

The same experiment was performed with a 400 nm silicon membrane. The dam-

age threshold in this membrane was only 70 mW. When the excitation beam reached

the power of 50 mW, a sizable change in the decay rate was observed. However, upon

closer inspection, the sample showed nonlinear power effects to the probe as shown

in Figure 5-11. When the silicon samples were exposed to the high fluence 1030 nm

beam, they did not show significant change in thermal conductivity. Only nonlinear

power effects were shown before a dielectric breakdown. Since the excitation photon

energy (1.2 eV) was only 10 percent higher than the band gap of 1.1 eV with 341 pm
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Figure 5-10: Results from the TTG experiment with the 1030 nm excitation beam
in the 2 jim Si membrane (a), the 10 Mm membrane (b), and bulk silicon (c). The
thicker samples showed coherent oscillations even though the experiment was per-
formed in the amplitude grating, indicating that a phase grating contribution was
not completely suppressed.
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Figure 5-11: Results from the TTG experiment with the 1030 nm excitation beam
in the 400 nm membrane. The data showed a fluence dependence, but it failed to
pass the linearity test. The excitation power was high enough to cause a nonlinear
response in the 400 nm.

penetration depth, the excitation beam wavelength was revised to 515 nm.

5.4.2 Analysis of the thermal transport

In depth analysis of the thermal grating decay is provided in reference 1851. In this

section, the thermal grating decay analysis includes a finite absorption depth of the

excitation light. The thermal diffusion equation describing temperature dynamics

after transient grating heating on the surface of a semi-infinite sample is given by,

82 T 2T T
k. + k = pc- + Qo cos(qx) exp(-Cz)6(t),

5x2 z2 8
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where x is the grating dimension, z is the in depth dimension, T is the temperature, p

is density, c is heat capacity, Qo is the energy deposited by the laser pulse, 1/( is the

penetration depth, and kx and kz are the thermal conductivity components parallel

and perpendicular to the sample surface respectively. The boundary conditions at

the surface are given by,

= (Z = 0) =0 (5.6)

T(z = oo) =0. (5.7)

Assuming a sinusoidal spatial dependence of T on x following equation 5.5 and

performing a Fourier transform,

2 + Qo exp(-(z), (5.8)
aZ2 az

where ai = ki/pc is the thermal diffusivity. Using solutions for the homogeneous and

particular solutions respectively and utilizing the boundary conditions provides the

analytical frequency-domain solution as following:

~ Qo (waxq 2 + (5.
T - 2 kexp(-(Z) - exp(-z) where = (5.9)

The time-domain solution can be recovered through numerical inverse Fourier trans-

form 184, 85]. For time domain decay, the anlytical solution in the limit of surface

heating is given by,

T(z = 0) = A7(azt) 1/2 exp(aq2t). (5.10)

In this case, the transient grating measurement is only sensitive to the in-plane ther-

mal diffusivity. The in-plane thermal diffusivity can be retrieved by fitting the signal

to an exponential decay. The cross-plane diffusitivy a, only changes the amplitude

A,,, of the signal, but the data are normalized before fitting.
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Figure 5-12: Pump fluence dependence of TTG signal. Between 1.67 mW and 5.8
mW excitation power (between 3 x 1019 and 1.2 x 1020 cm 3 carrier concentration),
the thermal conductivity consistently decreases with increasing carrier concentra-
tion(top). However, when the pump power goes over 5.8 mW, the decay curves show
nonlinear power dependence (bottom).
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Figure 5-13: Thermal conductivity vs. carrier concentration. The experimental re-
sults (blue dots) are compared to the model (red dotted line).

5.4.3 Carrier density dependence of thermal conductivity

The experiment from the previous section was repeated with a 515 nm excitation

beam. The excitation power was varied between 1.67 mW and 10.6 mW, which

corresponded to the carrier concentration of 3 x 1019 and 2.7 x 1020 cm 3 respectively

from equation 5.3. As seen in Figure 5-12, the thermal conductivity consistently

decreased as the carrier concentration increased between the 1.67 mW and 5.8 mW

excitation power. The displayed signals were normalized at 5 ns from the initial

thermal profile generation. Above 5.8 mW, nonlinear responses of the material were

observed. The slow decaying thermal signal decreased past zero, which is not physical

and which suggests that there was already signal prior to t=0 due to cumulative

effects. Another indication of a nonlinear response was the pulsating sample. The

sample slowly and visibly vibrated at a low frequency due to photon pressure. Even

though the sample was not irreversibly damaged, the measurement was reliable only

up to 5.8 mW.

In Figure 5-13, the thermal conductivity in the 400 nm membrane is plotted

against the carrier concentration. The blue dots in the figure show the experimental

results. The red dotted line comes from the theoretical calculation from the Gang

Chen group. The relaxation time due to boundary scattering is taken to be L/v,
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Figure 5-14: Steady state heating effect on thermal conductivity. When laser power is
stored in the sample and increases the temperature of the sample, the silicon thermal
conductivity decreases.

where v is the phonon group velocity. The thermal conductivity reduction due to

electron-phonon scattering is evident, however the measured thermal conductivity

is significantly lower than the theoretical predictions. The gap became even larger

towards the higher carrier densities. Due to high fluence on the 400 nm thin film,

steady state heating became a concern for the result, which will be discussed in the

next section.

5.4.4 Steady state heating and thermal conductivity

When heating from the laser pulses is present, the thermal conductivity decreases.

Because both the higher carrier concentration and the lattice heating decrease the

thermal conductivity, while the higher laser power increases both, it is hard to dis-

entangle the effects from the two. To verify that the thermal conductivity reduction

was indeed caused by phonon scattering from carriers, different experiments need to

be performed. One way to test if the thermal conductivity change was from laser

heating is to introduce the excitation beam before the thermal grating generation. If

the excitation beam arrives about 5 - 10 ns before the thermal grating generation, the
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carriers decay away while the heating effect should persist. Another way to test this

is to decrease the modulation frequency. This will increase the overall experiment

time, but it decreases the steady state heating while maintaining the same signal to

noise ratio. The temperature dependence of the thermal conductivity in Si is known

11651. Starting at room temperature, TTG signals with the experimental period of

4.25 pm were calculated as shown in Figure 5-14. It is clear that heating effects could

be significant and need to be taken into account.

5.5 Summary

In this chapter, thermal conductivity of silicon membranes was measured with the

TDTR and TTG techniques. In both cases, the optically generated carriers reduced

measured thermal conductivity. In the TDTR measurements, the interface conduc-

tance between the aluminum transducer and the silicon layer became a very important

variable to determine accurate absolute thermal conductivity values. Still, the rela-

tive changes in thermal conductivity due to photoexcited carriers were apparent. In

the TTG measurements, it was observed that slightly above band-gap IR excitation

beam was not effectively creating carriers to suppress the thermal conductivity. A

frequency-doubled green excitation beam effectively decreased thermal conductivity

in the 400 nm silicon membrane. The penetration depth of 515 nm beam was about

670 nm, so it was not an effective wavelength to generate carriers throughout the

thicker samples. Also, the presence of steady state heating could not be easily disen-

tangled from the carrier effect. In the future efforts could be focused on isolating the

steady state effect. Also, it would be beneficial to use another wavelength excitation

beam, such as the 790 nm beam used in the TDTR measurements.
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optical reflectivity as a function of time is shown. The data were mea-

sured in OMCTS at 250 K using a 40 nm Cr photoacoustic transducer

layer on amorpouse Si0 2 substrate. The inset is the time derivative

of the recorded reflectivity change. (b) The Fourier transform of the
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2-7 Schematic illustration of the transient thermal grating setup. Two

pulsed laser pumps create a sinusoidal excitation pattern, which can

be probed through diffraction from the periodic index of refraction
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heterodyne phases were <p = ir/2,0, -7r/2, -7r. The acoustic waves are

shown only in the phase grating. Especially in PbTe, only thermal

decay can be seen in the amplitude grating. Figure adapted from 1811. 47

2-9 Schematic illustration of a cold finger cryostat. The sample sits in a

vacuum chamber while the heat transport to and from the sample is

mediated by a conductive mount. Figure adapted from [641 . . . . . . 50

3-1 Magnetostriction coefficient A1o in bulk Fei_,Ga, as a function of Ga

concentration. The blue dots were measured in slowly cooled sam-

ples, while the red dots were measured in thermally quenched samples.

Figure adapted from 1961 . . . . . . . . . . . . . . . . . . . . . . . . . 54

3-2 Feo.7 5Gao.25 crystalline structure model. The gray spheres represent Fe

and the black ones represent Ga atoms. Figure adapted from [961 . . 55

3-3 Schematic illustration of the FeGa sample structure. A galfenol film
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The FeGa layer was capped with either ZnSe or Au. The figure is

drawn out of proportion. . . . . . . . . . . . . . . . . . . . . . . . . . 56

3-4 Schematics of energy transfer dynamics in a magnetic material upon a
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are expected to launch THz phonons. Figure adapted from [1041 . . . 58
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polar and the longitudinal MOKE, whereas the reflectivity changes in
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3-6 Clockwise 2 rotational transformation along z-axis. The new bases are2

' = [110], x' = [110], x' = [001]. . . . . . . . . . . . . . . . . . . . . 63

3-7 Schematics of the experimental setup. The probe was split by a Wol-

laston prism after hitting the sample, and each polarization arm was
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3-9 Lock-in signal from MOKE detection (left) and Fourier analysis of a

signal (right). B+ and B- indicate the opposite polarity (180 degree
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is absent. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
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p oint. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
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4-2 THz coherent acoustic phonons are launched in both c-axis directions.

The wavepacket gets reflected at the GaN substrate-air interface and

measured when it enters the superlattice again after a time delay. . . 80

4-3 (a) Background subtracted signal with an inset of signal from reflected

wavepacket. (b) and (c) show Fourier transforms of initial and reflected
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4-6 (002) w - 20 scan of GaN, InGaN, and AIN and (006) scan for the

sapphire substrate. The black solid curve representing smooth sample
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ing the rough sample, demonstrating that the sharper interfaces yield
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analysis through Fourier transformation (c) and (d) for superlattices
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